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FOREWORD 


This  technical  report  suiwnarizes  the  work  accomplished 
curing  Contract  No.  F33615-71 -C- 17 13,  "Development  of  Engineer- 
ing .<3tn  on  the  Mechanical  ai.d  Physical  Properties  of  Advanced 
Composite  Materials;"  it  was  prepared  by  the  Mechanics  Research 
Division  of  th*=  1 IT  Research  Institute.  The  work  reported  here- 
in vas  accomplished  under  the  joint  sponsorship  of  two  divisions 
of  rh<  Air  Force  Materials  laboratory  the  Systems  Support  and 
the  Advanced  Development  Division,  under  Project  No.  7381, 
'Material  Application,  Task  No.  738106,  Design  Data  Development 
and  Advanced  composite  Al»P."  Messrs.  M.  Knight,  AFM1./MXE,  of 
^ t<:v  support  Division  and  (apt.  I.  Wood  rum  and  K.  tleff,  of 
the  Advance  I Development  Division  • re  the  Air  Force  Project 
Kng  i n>  ers . 

An  advanced  composite  t<n:.i  >.:,<ier  the  dire*  t ion  of  the 
Materials  engineering  Section  of  the  Mechanics  Research  Division 
performed  the  work  described  herein.  11TRI  personnel  associated 
with  this  program  and  their  respective  responsibilities  are 

delineated  below: 

K.  E . Ho  for,  Program  Manager 

N.  Kao,  Overall  engineering  and  Scheduling 

V.  Humphreys,  Analytical  Methods  and  Reporting 

D.  Larsen,  Thermophy s ica 1 Testing 

R.  I .abed?..  Fabrication 

H.  I •’ne.  Static  Test  Engineer 

L. .  C.  Beinett,  Fatigue  Test  Engineer 
R.  A.  St uehmer.  Creep  Test  Engineer 

This  is  the  final  technical  report  and  summarizes  the 
technical  activities  from  June  1,  1971  through  November  30,  1973. 
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Kenneth  E.  Hofei 
Materials  Engineering  and 
Building  Technology  Section 
Project  Engineer 


For  The  Commander 
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A.  Olevitch 


Materials  Engineering  Branch 
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ABSTF  XT  AND  SUMMARY  OF  RESULTS 


The  present  program  was  initiated  to  generate  data  on  the 
effect  of  various  environments  on  the  physical,  thermal,  and 
mechanical  properties  of  three  resin  matrix  composites:  (AVCO 

5505/Boron,  Mod mo r II  Graphite /iarmco  5206  and  Courtaulds  HNS 
Graphite /Hercules  3002M)  and  two  metal  matrii:  composites  (6061 
Aluminum/Boron  and  6A1-4V  - Titanium/BorSiC) . The  resin  matrix 
systems  were  procured  in  the  form  of  prepreg  tapes  and  laminates 
and  specimens  were  fabricated  at  IITRI.  The  metal  matrix  com- 
posites were  fabricated  by  vendors  in  laminate  form  and  supplied 

The  environments  included  steady  state  humidity  condi- 
tioning for  two  exposure  periods,  cyclic  humidity  conditioning 
which  included  the  effects  of  thermal  shocks  and  the  effect  of 
photodegradat Ive  exposures,  and  steady  and  cyclic  thermal  ex- 
posures. 

Part  I oi  this  report  described  the  material  procurement, 
materials  specifications,  laminate  fabrication,  quality  control 
and  material  quality  assurance  tests,  and  presents  the  test  pro- 
cedures in  detail.  Part  II  of  this  report  presents  a complete 

a ujiuiia  l y ui  luc  auu  icsuaa  vi  i i SlhlIc,  iHtlgUe,  Creep 

and  thermo-physical  properties  of  the  five  composites. 

On  a material  by  material  basis  the  following  conclusions 
were  reached : 

AVCO  5505/Boron 

There  was  a general  deterioration  in  the  baseline  tensile, 
compressive  and  in-plane  shear  strengths  of  AVCO  5505/Boron  with 
increasing  temperature.  The  elastic  moduli  of  the  0°  properties 
were  relatively  unaffected  up  to  350°F  but  the  transverse  (90°) 
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and  In -plane  shea?  Moduli  decreased  with  teayerature.  The 
[0/45/135/0/90J  baseline  tensile  and  cnepresslvc  moduli  were 
relatively  unaffected  up  to  350*F. 

The  steady  state  humidity  conditioning  caused  the  strengths 
of  AVCO  5 505 /Boron  to  fall  below  the  baseline  values  particularly 
at  elevated  temperatures  (by  up  to  301  for  350*F  compression) . 

This  occurred  for  all  orientations  and  In  tension,  compression 
and  shear  (the  differences  were  generally  of  the  order  of  10%). 

The  elastic  moduli  of  AVCO  5505 /Boron  were  reduced  to  a saw  11 
extent  (generally  2-4%)  by  the  steady  state  hunldity  condition- 
ing; the  strongest  effects  were  noted  for  the  in-plane  shear 
(107.)  and  transverse  moduli  (30%).  The  steady  state  conditioning 

Increased  the  moduli  of  the  [ 0/45/ 135/0/tO]  laminates  by  5-10%. 

s 

High  hunldity  and  thermal  shock  as  Indicated  by  the 
thermo-humidity  cycle  results  had  the  same  effect  as  steady 
state  humidity  conditions  but  had  greatest  Impact  on  the  room 
temperature  static  strength  results  (up  to  20%  for  tension  of 
90°).  The  largest  degradatory  effects  were  obtained  for  com- 
bined humidity  and  ultraviolet  on  both  strengths  and  modulus  of 
all  three  orientations  although  a mixed  effect  was  noted  at  ele- 
vated temperatures  (losses  up  to  50%  of  the  90°  compressive 
strength  were  seen) . 

The  steady  state  humidity  conditioning  degraded  the 
fatigue  performance  of  AVCO  5505/Boron  composites  (losses  of 

flnnrny|tnji  fml  v ^ thsnSO”hlSlidity  Gjfcl.£ 

fatigue  performance  of  AVCO  5505 /Boron  at  the  higher  cyclic 
levels  thus  shifting  the  S-N  curves  downward  and  rotating  the 
curve  about  the  low  cycle  levels  (losses  up  to  257.  were  en- 
countered at  high  cycle  levels).  A celerated  weathering  had 
the  least  effect  on  the  fatigue  behavior. 
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The  steady  state  humidity  conditioning  had  a detrimental 
affect  on  stress-rupture  behavior  of  0°  AVCO  5505/Boron  (loss  of 
25%)  but  enhanced  the  stress  rupture  behavior  of  [0/45/135/0/55] 

9 

composites  by  approximately  10%. 

Steady  thermal  conditioning  enhanced  the  strength  (up  to 
87.)  and  modulus  (up  to  6%)  of  AVCO  5505 /Boron.  The  cyclic  thermal 
conditioning  had  a mixed  (hut  moderate  rather  than  severe)  effect 
on  the  strength  and  moduli  of  all  three  orientations. 

The  interlaminar  shear  strengths  were  decreased  by  humidity 
conditioning  (by  up  to  257.)  but  were  unaffected  by  both  steady 
state  and  cyclic  thermal  conditioning. 

The  AVCO  5505 /Boron  -omposite  fatigue  behavior  was  degraded 
by  107.  at  all  temperatures  by  steady-state  thermal  conditioning. 

The  stress-rupture  behavior  was  improved  by  up  to  57.  by  steady 
state  thermal  conditioning.  Similarly  stress-rupture  improve- 
ment (207.)  and  fatigue  degradation  (10  to  157.)  were  shown  for 
prior  exposure  to  cyclic  thermal  preconditioning. 

Modroor  II  Graphite /Na  mco  5206 

A general  reduction  in  the  tensile,  compussive  and  in- 
plane shear  strengths  with  increasing  temperature  was  demonstrated 
tor  the  Modmor  II  Graphite/Nanmco  5206  composites  (except  for  the 

0/45/135/0/90.  laminates).  The  elastic  moduli  of  the  0°  orienta- 
s 

tion  remained  relatively  unaffected  although  the  tensile  modulus 

increased  slightly  with  Increasing  temperature  up  to  350°F.  The 

shear  modulus  and  the  tensile  and  compressive  moduli  of  the  90° 

composites  decreased  with  increasing  temperature.  The  [0/45/135/ 

0/90j  tensile  modulus  also  increased  with  temperature.  Residual 
s 

stresses  are  suspect  in  this  behavior. 
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Steady  state  humidity  conditioning  affected  the  moduli 
of  the  Modmor  II  graphite /Narine o 5206  system  the  least  of  the 
three  resin  matrix  composites  studied.  The  strengths  of  this 
system  decreased  below  the  values  of  the  baseline  strengths 
particilarly  at  elevated  temperatures  (up  tc  35*4).  The  excep- 
tion to  this  behavior  was  the  0°  tensile  strength  which  showed 
some  improvement  (about  2 O'/.*  with  prior  steady  state  humidity 
condit ioning. 

The  thermo-humidity  cycle  conditioning  influenced  the 
static  behavior  in  a manner  similar  to  that  produced  by  steady 
state  conditioning  except  that  the  effects  were  worst*  at  higher 
temperatures  (up  to  254  degradation).  The  greatest  effects  on 
modulus  and  strength  were  observed  for  the  combined  humidity  and 
ultraviolet  conditioning  particularly  at  room  Lemperature . 

The  thermo-humidity  cycle  degraded  the  fatigue  behavior 
of  the  90°  Modmor  II  Graph i to /Narmco  5206  more  substantially  at 
the  higher  cyclic  levels,  thus  shifting  the  S-N  curves  downward 
and  rotating  the  curve  about  the  low  cycle  levels.  The  accel- 
erated weathering  had  the  least  effect  on  the  fatigue  S-N  curves 
(less  than  107„).  Steady  state  humidity  conditioning  degraded  the 
fatigue  behavior  as  well. 


The  stress  rupture  characteristics  of  Modmor  II  Graphite/ 
Nannco  5206  were  benefited  by  steady  state  and  cyclic  humidity 
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conu ic ioning . Residual  stresses  in  the  composites  become  suspect 


The  static  response  of  Modmor  II  Graph ite/Narmco  5206  to 
steady  state  and  cyclic  thermal  conditioning  was  quite  simi lar 
to  that  shown  for  AVCO  5505 /Boron.  The  interlaminar  shear 
strengths  decreased  for  humidity  conditioning  but  were  unaffected 
by  either  steady  state  or  cyclic  thermal  conditioning.  The 


i 
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fatigue  behavior  of  Modmor  II  Graphite/Narmco  5206  was  improved 
with  prior  steady  state  thermal  exposure.  Cyclic  thermal  ex- 
posure, on  the  other  hand  degraded  the  fatigue  behavior  but 
appeared  to  be  highly  dependent  on  cyclic  levels.  The  stress- 
rupture  behavior  was  not  affected  substantially  by  either  steady 
state  or  cyclic  thermal  conditioning. 

Courtaulds  HMS  Graphite/Hercules  3002M 

The  baseline  static  tensile  strengths  of  all  three  orien- 
tations oi  Courtaulds  HMS  Graphite/Hercules  3002M  composites  in- 
creased with  increasing  test  temperature  by  approximately  ?07o. 

The  presence  of  degradatorv  residual  stresses  derived  in  the 
cure  process  becomes  a suspect  in  this  behavior.  The  0°  tensile 
modulus  of  tnis  composite  increased  by  10?„  up  to  350°F.  The 
compressive  and  shear  moduli  exhibited  mixed  behavior  over  the 
temperature  range.  The  baseline  90°  moduli  decreased  by  10, „ 
with  temperature.  The  [0/45/135/0/90,^  moduli  showed  a straight 
increase  of  207  in  tension  and  a compressive  decrease  of  20/,. 

Steady  state  humidity  conditioning  caused  a decrease  of 
15*,  ir.  Courtaulds  HMS  Graphite/Hercules  3002M  composite  static 
strengths  except  in  the  case  of  the  0°  tensile  strengths  which 
improved  by  207..  The  moduli  of  this  composite  was  the  most 
affected  by  steady  state  humidity  conditioning  (up  to  507.  for 
in-plane  shear).  The  thermo -humidity  cycle  affected  the  strengths 
of  this  composite  greatest  at  elevated  temperatures  (the  90° 
strength  loss  was  75*4).  The  combined  effects  of  humidity  and 
ultraviolet  light  on  static  strengths  were  greatest  at  room 
temperature.  Accelerated  weathering  also  affected  the  elastic 
moduli  of  this  composite. 

The  fatigue  performance  of  Courtaulds  HMS  Graphite/ 

Hercules  3002M  was  degraded  by  steady  state  humidity  conditioning 
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at  high  test  temperatures  and  enhanced  at  room  temperature. 

Again  as  in  the  case  of  the  other  resin  matrix  composites,  the 
thermo-humidity  cycle  had  substantial  effects  on  the  S-N  behavior 
of  this  composite,  while  the  accelerated  weathering  cycle  had  the 
least  effect. 

Also,  the  effect  of  steady  state  and  cyclic  humidity  con- 
ditioning on  the  stre 3 s -rupture  properties  of  Courtaulds  HMS 
Graphite/Hercules  3002M  composites  was  beneficial  as  in  the  case 
of  the  other  two  resin  matrix  composites. 

The  strengths  and  moduli  of  Courtaulds  HMS  Graphite/ 
Hercules  3002M  composites  increased  by  10%  with  steady  state 
thermal  conditioning,  while  th^  cyclic  thermal  conditioning 
decreased  the  static  properties  by  up  to  20%  in  the  case  of 
compression.  The  interlaminar  shear  strengths  were  unaffected 
by  either  steady  state  or  cyclic  thermal  conditioning. 

The  fatigue  behavior  was  degraded  by  10%  steady  state 
and  cvclic  thermal  conditioning.  The  creep  and  stress-rupture 
were  effected  only  slightly  by  both  steady  state  ana  cyclic 
thermal  exposure. 

6061  Aluminum/Boron 

The  steady  state  thermal  exposure  reduced  the  0°  tensile 
strength  of  6061  Aluminum/Boron  by  up  to  207.  while  cyclic  ex- 
posure to  the  same  temperature  reduced  the  tensile  strengths  by 
about  25%.  The  corresponding  0°  compressive  strengths  were 
approximately  the  same  as  those  of  the  tensile  strengths  when 
compared  on  total  exposure  ti.ie  basis.  The  90°  tensile  and 
compressive  strengths  were  also  reduced  (by  as  much  as  357.) 
for  similar  exposure  periods. 
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Elevated  temperatures  reduced  the  tensile,  compressive 
and  fully  reversed  fatigue  behavior  of  6061  Aluminum/Boron  com- 
posites, but  not  severely  except  in  the  case  of  the  90°  orienta- 
tion where  up  to  507.  of  the  fatigue  strengths  were  lost. 

6A1-4V  Titanium/BorSiC 

Reductions  in  the  0°  tensile  strength  of  6A1-4V  titanium/' 
RorSiC  were  approximately  107.  for  steady  state  and  cyclic  thermal 
exposures.  Th  * corresponding  compressive  strength  losses  ./ere 
approximately  10  tc  207,,  the  highest  losses  occurring  at  the 
highest  test  temperatures.  The  transverse  or  90°  tensile 
strengths  degraded  up  to  507.  for  steady  state  and  60/o  for  prior 
cyclic  thermal  exposures. 

Corresponding  compressive  strengths  losses  were  of  the 
order  of  10  to  157.. 

General 

Some  general  commentary  on  the  resin  matrix  composite 
behavior  is  also  in  order. 

The  moisture  weight  gain  for  all  three  composites  depended 
only  on  the  total  time  of  high  humidity  exposure  and  was  not 
affected  bv  the  intervening  high  or  lou  tempo ratur  s,  drying 
periods  r r U.V.  exposures. 

The  thermal  expansion  characteristics  of  the  resin  matrix 
composites  are  dependent  on  the  presence  of  absorbed  moisture  in 
the  resin. 
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1.0  INTRODUCTION 

The  objective  of  this  program  was  to  generate  basic 
information  on  the  effect  of  various  environmental  variables 
on  the  physical,  thermal  and  mechanical  properties  of  advanced 
composites  suitable  for  application  to  primary  aircraft  com- 
ponents. The  program  encompassed  the  following  tasks: 

1.0  Generation  of  Physical,  Thermal  and  Mechanical 
Properties  of  Boron/Epoxy  and  Graphite/Epoxy  composites 
(Resin  Matrix  Studies). 

The  evaluation  of  the  resin  matrix  materials  was 
further  subdivided  into  the  following  activities: 

1.1  material  procurement 

1.2  laminate  fabrication 

1.3  quality  assurance  testing 

1.4  baseline  data  establishment  in  the 
following  specific  areas: 


1.4.1 

tension 

1.4.2 

compression 

1.4.3 

im  plane  shear 

1 .4.4 

interlaminar  shear 

1.4.5 

flexural  tests 

1.4.6 

fatigue 

1.4.7 

creep  and  stress  rupture 

1.4.8 

thermo-physical  properties  thermal 
expansion,  thermal  conductivity 

1.4.9 

density 

1 


1.5  exposure  of  samples  to  elevated  humidity 
environments 

1.6  exposure  of  samples  to  elevated  temperature 
environments 

1.7  data  generation  on  the  samples  exposed  to 
items  1.5  and  1.6  and  tested  similar  to 
items  1.4.1  through  1.4.8 

1.8  selective  testing  of  coated  samples 
analysis,  correlation  of  data  and 
reporting  activities. 

2.0  Generation  of  similar  data  for  Boron/Aluminum  and 
BorSiC/Titaj  lam  Composites  (Metal  Matrix  Studies). 

The  evaluation  of  the  metal  matrix  composites  followed 
the  same  general  process  except  that  the  effect  of 
j.iidity  exposure  was  not  examined. 

r ;*line  of  the  entire  program  is  presented  in  Tables 
I th  c ,;h  IV.  Tables  I through  III  show  the  overall  resin 

* ..iar**rial  programs  that  include  baseline  tests  consisting 
of  uiifxposed  specimens,  humidity  exposure  tests  and  thermal 
exposure  tests.  Table  TV  shows  the  metal  matrix  material  pro- 
gram including  both  baseline  and  thermal  exposure  tests. 


2 


TabU  1 

US1N  MATRIX  RASE  LIKE  CAT  A PROTEAH 


Property 


1 


.*•  g 

8 « 


65 

o ►, 


1 i 


X V 

;i 


■8  £ 


o 1 

t % 


cf  a, 

■H  X 

g “ 


i! u 

U 0; 


y *j 

&s 


METAL.  MATRIX  DATA  PROGRAM 


& 8 
B 


3 o 

W ° 

H MO 
C O O' 
OQ 

a '— 

w T< 

H H 
to 

U l 
H 

> 

U -d'  ° 
OQ  ■ O 

t-4 

o < 

H V£) 


M c 
U O o 
U MO 
a,  o cr 
to  SQ 

[l.  H 

O «C 


SECTION  II 


2.0  TECHNICAL  DISCUSSION 

2. 1 Re a in  Matrix  Studies 

2.1.1  Materials 

Advanced  composite  materials  have  been  under  intensive 
development  because  of  their  promise  for  aircraft  structural 
weight  savings,  improved  capability  and  potential  lower  cost 
compared  to  conventional  structural  materials  such  as  aluminum, 
steel  and  titanium.  The  advanced  composite  materials  possess 
e high  strength-to-weight  and  stlffness-to-weight  ratios. 

Three  resin  matrix  material  systems  were  selected  for 
study  in  this  portion  of  the  program. 

The  boron ''epoxy  system  selected  was  the  AVCO  5505/Boron 
prepreg  material.  This  system  was  extensively  characterized 
at  room  temperature  and  at  several  elevated  temperatures. 
However,  little  or  no  data  existed  for  the  effect  on  the 
material  properties  of  long-term  aging  in  high  humidity  and 
elevated  temperature  environments.  This  program  included 
several  conditioning  environments  which  will  be  of  interest 
to  designers  with  boron/epoxy  components  as  flying  hardware. 

In  the  time  intervening  between  the  purchase  of  the 
AVCO  5505 /Boron  prepreg  for  use  on  this  program  and  the  com- 
pletion ot  this  report,  the  prepreg  material  was  substantially 
upgraded  in  average  tensile  strength.  Therefore  the  values 
for  the  AVCO  5505 /Boron  composites  are  somewhat  lower  than 
can  be  expected  from  the  newer  materials,  however,  the  degrada- 
tion of  the  material  as  a percentage  of  the  ultlmot-'  strength 
will  be  of  value  to  the  designer.  In  the  text,  the  AVCO  5505/ 
Boron  composite  summary  curves  are  shown  as  percentages  of 
the  baseline  room  temperature  values. 


Two  graphit o/epoxy  systems  were  a so  selected: 

1)  Modmor  Il/Graphite  Narmco  5206  (a  high  strength  system),  and 

2)  Courtaulds  HMS  Craphite/Hercules  3002M  system  (a  high-modulus 
system  a stiffness  of  25  x 10^  psi). 

The  raw  material  was  supplied  in  the  three- inch  wide 
tape  form  for  all  three  systems. 

The  specifications,  to  which  the  systems  were  ordered 
and  fabricated,  were: 

1)  For  boron/AVCO  5505  system:  General  Dynamics  specification 

F.M  S.-2001A  "Advanced  Composite  Materials  Specifications." 

The  specific  type  . aterlal  was  Type  II  "Heat  Resistant  to  420°F. 
AVCO  5505  has  qualified  under  this  specification. 

2)  For  Narmco  5206/Modmor  II  graphite  system:  McDonnell 

Do  ’glas  Corporation  specification  DMS-1936B  and  all  amendments 
"^ape  Unidirectional  High  Modulus  Graphite  Filament"  was  em- 
ployed. The  specific  type  of  inter* st  was  Type  1 - Continuous 
filament  tape  of  specified  width.  Class  2 (33  x 10^  psi  modulus 
filaments  and  195,000  laminate  U.T.S.).  The  Modmor  Il/Narmco 
5206  system  has  been  qualified  by  McDonnell  Corporation  under 
class  2.  3)  For  Hercules  3002M/Courtaulds  HMS  graphite: 

McDonnell  Douglas  Corporation  Specification  MMS  546,  "Type  III 
Graphite/Kpoxy  Prepreg  Material,"  and  IITRI  Specification  0316, 
"Type  HMS  Graphite /Epoxy  Prepreg  Material." 

Copies  of  the  three  specifications  were  presented  in 
the  Annual  Report  (AFML-TR-72-205,  Part  I)  and  are  not  repeated 

here  . 

2 . 1 . 2 Material  Procurement  Quality  Assurance „ and  Processing 
The  following  quantities  of  prepreg  tape  w«  e ordered 
and  received  for  use  on  this  program:  - 


AVCO  5505 /Boron  - 45  lbs. 

Modulite  5206  Type  II  Modnor  II/ 

Narmco  5206  Graphite  - 38  lbs. 

Harculas  3002M/ Court eu Ids  HMS 
Graphite  - 55  lbs. 

The  incoming  materials  were  checked  for  quality  assurance  in 
accordance  with  the  specifications  listed  in  section  2.1.1  of 
this  report.  The  quality  assurance  requirements  and  quality 
certification  reports  were  presented  in  AFML  TR-72-205,  Part  I 
and  are  not  repeated  here.  A summary  of  the  quality  assurance 
test  results  are  shown  in  Table  V. 

Note  that  the  elevated  temperature  0*  tensile  strengths 
of  the  Courtaulds  HMS  Graphite /Hercules  3002M  are  higher  than 
the  room  temperature  tensile  strengths.  It  is  common  to  this 
particular  system.  A more  detailed  study  of  this  phenomenon! 
is  made  later  in  the  discussion  of  the  program  results. 

2.1.3  Fabrication  of  Laminates 

The  resin  matrix  laminates  were  fabricated  using  an 
autoclave  to  provide  the  pressure  and  temperature  cycle  required. 

The  autoclave,  with  internal  dimensions  of  5' 3"  in 
length  and  1'8"  in  diameter  provide  for  the  fabrication  of 
either  one  large  plate  or  several  smaller  plates  simultaneously. 
The  movement,  of  the  aluminum  heating  plate  into  and  out  of  the 
autoclave  was  facilitated  by  a trolley.  The  autoclave  itself  is 
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TAPE  MATERIALS 


permanently  mounted  on  a steel  frame.  The  heat  cycle  (maximum 
capacity  550^)  was  automatically  controlled.  There  was  a 
provision  for  two  separate  vacuum  systems  that  were  used  at  the 
same  time  for  fabricating  two  plates  simultaneously.  Air 
pressure  up  to  100  psi  was  obtained  directly  from  the  air  line 
In  the  fabrication  laboratory. 

The  preliminary  layup  procedures  followed  were  developed 
for  the  autoclave  process.  (For  the  purposes  of  description  in 
this  section,  a laminate  will  mean  any  composite  of  several 
layers  of  fibers,  although  the  fiber  may  all  be  in  the  same 
direction.)  The  tape  was  first  removed  from  the  freezer  storage 
area  but  was  not  unwrapped  until  it  had  reached  ambient  conditions. 
This  was  done  to  prevent  moisture  condensation  on  the  tape  surface. 
The  tape  was  cut  to  required  lengths  using  a conventional  paper 
cutter  and  was  stacked  to  the  appropriate  orientation,  (The 
AVCO  5505/boron  laminates  required  an  additional  layer  of  plain 
woven  fiberglass  scrim-cloth  placed  over  the  entire  laminate.) 

After  all  plies  had  been  stacked  the  plate  was  ready  for  cure, 
if  convenient,  or  storage,  (Green  uncured  laminates  were  sealed 
in  a Mylar  bag  and  stored  In  a freezer  prior  to  cure  if  a delay 
was  encountered,) 


A stainless  steel  caul  plate,  approximately  three  inches 
longer  and  wider  than  the  boron  laminate,  was  used  during  the 
curing  process.  A sheet  of  IX- 1040  separator  sheet  ot  the  same 
size  as  the  boron  laminate,  was  placed  directly  on  the  stainless 
steel  plate.  Next  the  green  laminate  and  a second  separator 
sheet  was  added.  The  aggregate  was  covered  with  fiberglass 
bleeder  cloth  which  was  also  trimmed  to  the  size  of  the  green 
laminate.  A chloroprene  dam  consisting  of  3/8  inch  wide  strips  of 
chloroprene  was  placed  around  the  aggregate.  A Mylar  perforated 
sheet  was  then  added.  A sheet  of  IP.  1 fiberglass  cloth  wis  then 
placed  on  top  this  stack.  The  complete  package  was  then  placed 
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on  the  heater  plate  in  a vacuum  bag.  Before  the  cure  cycle  was 
initiated,  full  vacuum  was  applied  to  the  package,  any  leaks 
\ re  corrected,  and  a check  w.«  made  to  insure  that  there  were 
no  wrinkles  on  the  laminate. 

The  cure  cycles  and  postcure  used  for  the  three  material 
systems  were  described  in  AFML  TR-72-205,  Part  I.  Following 
the  cure  the  individual  plates  went  to  specimen  cutting,  tabling 
or  environmental  conditioning  processes  as  appropriate.  Indivi- 
dual specimens  were  inspected  visually  for  flaws  and  de lamina- 
tions. Composite  d- -'slties  and  fiber  and  resin  volume  percentages 
were  determined  as  escribed  in  AFML  TR-72-205,  Part  1.  The 
data  for  individual  laminates  are  presented  In  Tables  VI  through 
VIII. 


The  densities  shown  in  Tables  VI  through  VIII  were  deter- 
mined using  the  gravimetric  process.  The  values  for  the  densities 
of  the  fibers  and  matrices  were  obtained  from  the  tape  suppliers. 
No  void  contents  are  shown  In  Tables  VI  through  VIII.  This  does 
not  Imply  chat  the  composites  were  void-free  but  of  low  voids. 
Several  Inherent  Inaccuracies  are  present  in  resin  dissolution 
methods  currently  available  thus  leading  to  void  contents  with 
« rrors  of  100%  or  ^,r>?ater. 


2.1.4  Conditioning  Treatments 

The  various  conditioning  treatments,  to  which  the  com- 
posite materials  were  exposed  are  described  In  this  section. 
The  equipment  and  procedures  followed  in  the  accomplishment  of 
these  conditioning  treatments  are  found  in  AFML  TR-72-205, 

Part  I and  are  not  repeated  here. 
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TABLE  VI 

volumetric  icasures  of  fiber  amp  matrix  cootewts 

IN  BOROH/AVCO  5505  COITOSITES 


Fiber 

OrlenteC ion 

No.  of 
Plies 

Specimen 

Number 

Cpeciaen 
Length 
(in. ) 

Spec iaen 
Width 

(in.) 

Denelr.y  of 
Coapoelce 
<M/cc 

Fiber 

(Percent) 

Re*  in 

Voluae 
(Percent ) 

Ft berg lea* 
Voluae  * 
(Fercent) 

0* 

6 

N-1005 

1.018 

0.972 

2.000 

49.87 

mm 

N-1007 

2.000 

0.250 

2.001 

49.96 

N-1008 

2.000 

0.250 

2.013 

50.75 

Kei 

N-1009 

2.000 

0.250 

1.996 

49.41 

mem 

N-1011 

2.000 

0.250 

1.992 

49.25 

N-1C1I2 

2.000 

0.250 

1.995 

50.00 

Wl 

AVERAGE 

2.000 

49.87 

43.81 

6.32 

90  * 

ft 

N-1007 

2.050 

0.441 

1.980 

48.60 

45.25 

6.15 

N-101  1 

2.000 

0.250 

1 960 

47.26 

46.77 

5.97 

N-I014 

2.000 

0.250 

1.962 

47.36 

46.58 

6.06 

N- 1015 

2.000 

C.250 

1.961 

47  31 

46.77 

5.92 

N- 10i 7 

2.000 

0.250 

1.959 

47.11 

46.82 

6.07 

5-1018 

2.000 

0.250 

1.985 

48.70 

45.20 

6.10 

AVERAGE 

1.968 

47.72 

46.23 

6.05 

\- 

0.222 

50.44 

ESSSM 

—M 

S- 102  J 

2.000 

0.250 

Emm  • 

CSH 

N-1024 

0.230 

B ■ 

N-1025 

2.000 

0.250 

N- 1026 

0.250 

1.992 

49.39 

44.44 

6.17 

AVERAGE 

1.993 

49.40 

44.35 

6.25 

UK  .5/1  J5/0/90 

.9 

N-1027 

1.553 

0.561 

1.980 

48.74 

45.23 

6.03 

N-1028 

2.000 

0.250 

1.979 

48.71 

45.36 

5.93 

5-1029 

2 .000 

0.250 

1,959 

47,14 

46.89 

5.97 

N-  1030 

2.000 

0.250 

1.978 

48.60 

45.50 

5.90 

N-1031 

2.000 

0.230 

1.966 

47,75 

46 .40 

5.85 

N-1032 

2.000 

0.250 

r .985 

49.00 

44.91 

6.09 

N- 103  3 

2.000 

0.250 

1.996 

49.71 

44.15 

6.14 

N-10J4 

2.000 

0.2b0 

1.983 

48. 70 

<0.18 

6 . LA 

N-1034 

.2.000 

0.250 

1.972 

47.55 

>6.48 
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VOLUMETRIC  MEASURES  OF  FIBER  AND  MATRIX  CONTENTS 
IN  MOOMOR  II  CRAPHITE/NARMCO  5206  COMPOSITES 


' 

Fiber 

Oritnt ation 

No . of 

Pile* 

Specimen 

Nianbcr 

Density  of 

Composite 

(p/cc) 

Fiber 

Volume 

(percent) 

Resin 

Volume 

(percent) 

0* 

6 

■■ 

MBSm 

53.15 

46.85 

| 

60.46 

39.54 

■f 

M1107 

1 

58.81 

41.19 

Ml  108 

mEm 

58.79 

41.21 

Ml  109 

1.493 

54.21 

45.79 

% 

M1110 

1.481 

51.70 

48.30 

■r- 

MU11 

1.49* 

54.48 

45.52 

% 

M1112 

1.485 

51.45 

48.55 

AVERAGE 

1.499 
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44.62 

< 

am 

M1101 

1.513 

■Ell 

741.91 

19 

Ml  14  7 

l . 503 

1 WSEM 

44.03 

i 

90 

8 

Ml  102 

1 .516 

58.72 

41.28 

MllOi 

1 .474 

49.80 

50.20 

r 

Ml  104 

1 .501 

55.55 

44.45 

r | 

Mill) 

1.473 

61.03 

38.97 

W 

JA 

Ml  1 14 

1 . 504 

55.13 

44.87 

I' 

M11I5 

1.467 

47.27 

52.73 

t* 

M1116 

1 .4  79 

50.74 

49.26 

f 

Ml  1 1 7 

1.516 

58.71 

41.29 

' t 

Ml  1 18 

1 . 504 

56.57 

43.43 

Ml  1 20 

1.486 

51.84 

48.16 

*■ 

AVERAGE 

1.492 

54.54 

45.46 

r 

«: 

+ 45“ 

8 

Ml  1 22 

1.490 

Ml  123 

1.496 

L fllipjM 

1 

Ml  124 

1.475 
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Ml  125 

1.484 

52.04 

4 7.96 

* 

Ml  12ft 
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52.72 

47  22 

t 
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| 
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M 1 1 2 7 

) .47 9 
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{ » 
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M 1 1 30 

1 48 1 
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48.77 
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I .465 
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Ml  1 3 ’ 

1 .480 
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48.86 
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Mill} 
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47.92 

52.08 

Ml  1 J4 
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50.48 

Ml  1 35 

I . 49 r> 

54.25 

45.75 

Ml  136 

1 . 505 

56.49 

43.51 

Ml  1 )/ 

1 .489 

52.95 

4/.U5 

Mil  38 

1 .48  1 

48.68 

51.32 

MU  39 

1.488 

52.83 

47.17 

Ml  140 

1.479 

50  02 
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Ml  141 
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54.87 
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VOLUMETRIC  MEASURES  UE  FIBER  AND  MATE  X CONTENTS 
IN  HERCULES  TOO  2M/ COURT /.ULDS  HMS  GRAPHITE  COMPOSTTES 
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In  addition,  a comparison  base  of  data  was  obtalnad 
against  which  the  effects  of  these  various  conditioning  treat- 
ments might  be  measured.  The  extent  of  this  baseline  data 
program  was  described  in  Section  I,  Table  I.  The  individual 
baseline  data  for  the  three  resin  matrix  systems  are  found  in 
Appendices  I through  III. 

2. 1.4.1  Steady  State  Humidity  Conditioning 

The  steady  state  humidity  conditioning  of  specimens 
includes  500  and  1000  hr.  (3  weeks  and  6 weeks)  exposure  to 
98X  + 27.  relative  humidity  and  120°F  (see  Table  II).  This 
exposure  is  the  same  as  that  recommended  by  Mil  Handbook  17. 

The  specimens  which  were  subjected  to  humidity  exposure 
were  prepared  as  follows: 

1)  All  specimens  were  finish  machined  and  the  appro- 
priate room  temperature  or  elevated  temperature 
tabs  were  bonded  prior  to  initiation  of  the  pre- 
conditioning treatment.  For  elevated  temperature 
tests  subject  to  prior  humidity  exposure  the  tab 
adhesive  was  Metalbond  329.  For  room  temperature 
tests  subject  to  prior  humidity  conditioning  the 
adhesive  was  FM  1000. 

2)  Ail  specimens  for  static  and  creep  tests  were 
instrumented  (as  required)  with  electrical 
resistance  foil  strain  gages.  The  gages  were 
protected  with  M-enat  resin  coating  taking  care 
to  cover  a minimum  area. 

3)  The  edges  of  the  samples  were  not.  protected  since 
protection  could  not  be  guaranteed  to  be  only  to 
the  edges  and  not  to  the  surfaces  of  specimen. 
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4)  The  samples  wore  individually  weighed  prior  to 
insertion  in  the  chamber. 

5)  Each  sample  was  arranged  in  the  chamber  to  permit 
maximum  exposure  to  the  moisture- laden  air  as  it 
flowed  from  the  Inlet  orifice  to  the  chamber. 

These  steps  were  followed  to  permit  rapid  testing  of  the 
samples  after  removal  from  the  chamber.  Upon  removal  from  the 
chamber,  the  specimens  were  reweighed,  wires  were  attached  to 
the  strain  gages  and  the  specimens  were  tested  within  8 hi  urs 
of  removal  from  the  chamber.  For  certain  long  term  fatigue  and 
creep  tests,  where  the  tests  were  held  up  for  a longer  time  due 
to  machine  unavailability,  the  samples  were  sealed  in  a protec- 
tive vinyl,  moisture  proof  container.  These  samples  were  then 
reweighed,  prior  to  testing,  to  determine  if  moisture  loss  had 
occurred . 

2 . 1 . 4 . 2 Cyclic  Humidity  Conditioning 
2 . 1 . 4 . 2 . 1 Thermo-Humidity  Cycle 

Table  II  listed  two  cyclic  humidity  conditioning  exposures 
for  resin  matrix  compos) tes . The  first  humidity  cycle  was  the 
Thermo-Humidity  cycle  selected  from  a review  of  previous  aero- 
space practices.  The  Webber  Environmental  Chamber  was  again 
used  un  die  humidify  C’xposu  l e . 

The  details  of  the  Thermo -Hum  id  i t y c-.'cle  employed  are: 

(1>  The  total  time  period  tor  the  cycle  was  300  hours.  (2) 
During  Litis  period  the  specimens  were  placed  in  the  environ- 
mental chamber  and  exposed  to  a relative  humidity  of  ') 3 ! 27, 

at  L2<J“  + 3“K  except  tor  one  and  one  hall  hour  each  work  day 
of  the  week  when  they  were  taken  out  and  subjected  to  thermal 
shock.  (3)  This  shock  treatment  consisted  ot  exposing  the 
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specimens  for  one  hour  at  -65°F  In  a cold  chamber  followed  by 
an  exposure  of  one  half  hour  at  250°F  in  an  oven.  (A)  During 
The  weekend  the  specimens  remained  In  the  environmental  chamber 
continuously  exposed  to  the  humidity  conditions  mentioned  above. 

The  frost  conditions  on  the  samples  after  exposure  to 
-65®F  were  noted  and  some  sample  de laminations  occurred  after 
removal  from  the  250°F  portion  of  the  cycle. 

All  appropriate  specimens  were  strain  gaged  in  the  same 
manner  as  the  steady-state  exposure  and  were  wired  after  exposure 
prior  to  testing.  The  test  specimens  were  made  ready  for  test- 
ing within  eight  hours  after  removal  from  the  test  chamber  as 
was  done  for  the  steady  state  h>imldity  conditioning  exposures. 

2 . 1 . A . 2 . 2 Accelerated  Weathering  Humidity  Cycle 

The  second  humidity  cycle  was  an  accelerated  weathering 
cycle.  An  Atlas  IVin  ARC  Weatherometer , Type  D as  specified  in 
ASTM  G23-69  was  employed  for  these  tests.  All  panels  and/or 
specimens  were  exposed  in  the  weatherometer  to  the  following 
operation  schedule.  The  reconsnended  practice  for  this  equip- 
ment was  as  described  in  ASTM  D1A99-6A  and  ASTM  G23-69,  The 
apparatus  was  operated  5 days  per  week,  and  each  2-hour  cycle 
of  operation  was  divided  into  periods,  during  which  the  panels 
and  specimens  were  exposed  102  miuuLes  to  light  without  water 
and  18  minutes  of  light  with  water  spray.  The  test  specimens 
remained  undisturbed  during  the  remaining  l days  ol  the  week. 

The  exposure  procedures  followed  were  as  follows: 

The  black  panel  thermometer  unit  was  placed  in  the  tesL 
pan?l  rack  and  with  the  light  on  and  the  water  off,  the  thermo- 
reguiaior  was  sec  so  cnac  the  temperature  oi  the  thermometer 
read  1A5P  + 5°F.,  when  the  thermometer  was  at  the  point  where 
the  maximum  heat  was  produced  as  the  panel  rack  revolved  around 
the  light. 


The  water  supply  was  adjusted  so  that  the  pressure  of  the 
water  at  the  spray  nozzle  was  between  12  and  15  pounds  per 
square  inch  so  that  the  water  struck  the  specimens  in  a fine 
spray  in  sufficient  volume  to  wet  the  entire  surface  of  the 
specimens  upon  Impact. 

New  carbons  and  clean  filters  were  installed  in  the  light 
assembly  and  the  weatherometer  was  started.  At  the  end  of  the 
burning  period,  the  old  carbons  were  removed  and  the  decomposition 
ash  was  cleaned  from  the  carbon  holders  and  other  parts  of  the 
light  assembly,  and  the  filters  were  washed  with  detergent  and 
water.  The  position  of  the  test  panels  and  specimens  were  trans- 
posed to  provide  a uniform  distribution  of  light  in  a vertical 
plane  >ver  the  entire  surface  of  the  test  specimens.  New  carbons 
were  installed,  the  filters  were  replaced  and  the  weatherometer 
restarted.  These  operations  were  repeated  after  each  burning 
period  of  the  light  until  the  test  specimens  were  exposed  for  a 
time  period  of  500  hours  including  weekend  rest  periods.  (This 
resulted  in  a 360  hour  active  exposure  time  plus  140  hours  of 
rest  periods.) 

2 . 1 . 4 . 3 Steady  State  Thermal  Conditioning 

For  steady  state  thermal  exp-  sure  conditioning 
conventional  circulating  air  ovens  were  used  to  obtain  exposures 
at  260°F  for  time  periods  of  100  and  500  hrs . The  samples  were 
arranged  to  get  uniform  distribution  of  air  circulation 
over  the  specimens  without  localized  hot  spots. 

2.1.44  Cyclic  Thermal  Conditioning 

Thermal  cycles  from  100°F  to  260°F  to  100°F  and  from  !00°F 
to  350°F  to  100°F  were  adopteu  fur  eye  lie  thermal  conditioning. 
Exposure  of  tes  samples  for  both  500  cycles  and  1 non  cycluu  were 
undertaken.  A cyclic  rate  of  one  cycle  per  hour  was  established. 
2.1.5  Testing  Specimens  and  Test  Procedures 

This  scrHnrn  *""*  r’y  » I...  b|>>. >.  juiieus  auu  pro- 

cedures utilized  for  generating  the  data  during  th)s  program. 
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A detailed  description  of  the  test  specimens,  specimen  fabrica- 
tion procedures  and  test  equipment  is  found  in  Appendix  II  of 
AFML  TR-72-205 , Part  I. 

2. 1.5.1  Tensile,  Fatigue  and  Creep  Specimens 

Tin f > snmr  specimen  configuration  was  utilized  for  tension, 
fatigue  (R  “ 0.1)  and  tensile  creep  tests.  In  addition  in 

plane  shear  properties  were  determined  using  a + 45°  tensile 
test.  The  1ITRI  straight-sided  tab  ended  coupon  was  utilized 
for  these  properties.  After  environmental  conditioning,  each 
static  tensile  specimen  was  fitted  with  three  electrical- 
resistance  foil  strain  gages. 

2 . 1.5.2  Compression  Testing 

Two  types  of  specimens  were  employed  for  compressive  test- 
ing. The  first  was  the  sandwich  beam  compression  specimen 
which  was  utilized  only  in  the  generation  of  baseline  data.  The 
second  specimen  was  a coupon  specimen  commonly  known  as  the 
Celanese  specimen  which  is  an  adaptation  of  the  IITRI  tensile 
coupon  with  longer  tabs,  reduced  gage  section  and  a narrower 
width.  The  coupon  test  fixture  was  the  IITRI  compression  coupon 
test  fixture. 

(All  comparative  performance  results  are  shown  using  the 
coupon  test  data  for  the  baseline  and  conditioned  curves). 

2.1.5.’)  Flexural  and  Interlaminar  Shear  Tests 

The  specimens  used  for  all  flexural  testing  was 
the  fifteen  ply,  coupon  universally  used  for  testing  advanced 
composites.  Specimens  were  loaded  in  a 3 or  4-point  bending 
fixture.  Elevated  temperature  tests  were  conduct  d Lri  a Mibsimer 
circulating  air  oven  and  loads  were  applied  in  tension  to  a 
Flexural  test  rip. 

The  maximum  Interlaminar  shear  strength  of  oriented  fiber 
composites  was  determined  on  short  beam  shear  specimens. 
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Elevated  temperature  testa  were  performed  with  the  assistance 
of  the  fixture  described  above. 

2. 1.5.4  Cn-Plana  Sheer  Properties 

The  in-plane  shear  stress-strain  curve  was  determined 
from  a + 45°  angle  ply  laminate  tested  in  uniaxial  tension 
supplemented  with  data  from  the  0*  and  90s  tests,  and  the 
incrementation  of  the  + 45*  tensile  stress  strain  curve. 

2. 1.5.5  Fatigue  Teats 

The  fatigue  terts  (R  - 0.1)  were  performed  at  a cyclic 
rate  of  1800  rptn,  employing  eccentric  weight  mechanical  dynamic- 

load  applicators. 

2 . 1 . 5 . 6 Creep  and  Stress  Rupture  Teats 

The  creep  equipment  consisted  of  32  tensile  stands  located 
on  a vibration-free  floor.  Each  stand  was  provided  with  a set  of 
tensile  grips  enclosed  in  individually  controlled  ovens.  The 
ovens  are  capable  of  achieving  specimen  temperatures  of  up  to 
800°F.  A jig  was  used  to  align  and  grip  the  specimens  prior  to 
installation  on  the  creep  stands.  For  the  creep  stands  employed, 
the  load  multiplication  factor  was  10:1. 

^ 1 r*  7 »-»  c.  pV*  wc  n r*i  A I)^nc  i tv  Urrinor  f i Afl 

“ * ~ **  ~ —---'a-  - — — - — k. 

The  linear  expansion  was  measured  by  an  automatic  record- 
ing dilatometer  similar  to  that  described  In  ASTM  Designation: 
C337-57.  The  dilatometer  used  had  an  accuracy  of  more  than  997. 
and  a reproducibility  within  + 27.. 

Thermal  conductivity  fneasurernent®  were*  ih^Hp  ma ^ ru>  thi* 
steady  state  longitudinal  heat  flow  technique.  The  sample  con- 
sisted on  ten  3/64  x 1/2  x 2-inch  laminates  sandwiched  together 
to  form  a 1/2  x 1/2  x 2-inch  conductivity  specimen.  Data  are 
obtained  from  ambient  room  temperature  to  350°P  in  air  for  three 
specimens  in  each  of  three  laminate  orientations.  Densities  of 
the  laminates  were  determined  by  the  gravimetric  method. 


2.1.6  Static  Proparties 
2. 1.6.1  Baseline  Data 
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The  static  baseline  data  are  found  summarized  In  Appendices 
I through  III  Including  average  stress  strain  curves  in  tension 
compress Ion , and  shear  for  0°,  90*  and  [0/45/135/0/90]^  laminates. 
Thf  data  were  obtained  from  strain  gages  and  were  reduced  and 
plotted  using  computer  plotting  routines.  To  average  the  values 
of  stress  and  strain  obtained  from  three  tests  conducted  at  a 
given  temperature , a program  (least  squares)  to  fit  a curve  to 
the  data  was  used  as  a sub-routine  to  the  plotting  program. 

2. 1.6. 2 Effects  of  Humidity  Conditioning 

The  steady  state  exposure  of  the  three  resin  matrix  com- 
posite materials  to  987.  relative  humidity  resulted  in  moisture 
pickup  by  the  exposel  uncoated  samples.  Fig.  1 shows  the  moist- 
ure pickup  versus  time  for  AVCO  5505 /Boron.  This  figure  is  an 
aggregate  of  moisture  pickup  for  three  orientations  three  thick- 
nesses (ply  thickness)  and  two  widths  of  sample  so  that  the  ratio 
of  surface  area  to  volume  of  the  samples  varies  over  a substan- 
tial range  and  the  ratio  of  exposed  fiber  ends  to  surface  area 
also  varies. 

Figures  2 and  3 also  present  the  moisture  pickup  versus 
time  for  tne  Modmor  Xl/Naraco  5206  Composite  and  the  Courtauldg 
HMS  Graphite /Hercules  3002M  epoxy  composites  respectively.  The 
moisture  pickups  are  presented  as  a percentage  of  the  original 
weight  of  the  specimens.  In  plotting  these  gains  for  the  four 
different  humidity  environments  account  was  taken  of  the  various 
orientations,  specimens  sizes  etc.  (see  legend  on  each  figure). 
Thus  while  the  surface  area  to  volume  ratio  for  a nine  ply 
L 0/45/ 135/0/90]  laminate  may  remain  virtually  tb“  s ime  «s  a six 

n ly  r ii  itiiuiiiaCc,  «.<  e 4 .;>v.  [>.//  .1  / 1_5 /0/C’D] 
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laminate  provide  more  potential  entry  paths  for  moisture  to  enter 
the  specimen. 


Groups  of  specimens  of  a given  type  were  inserted  at 
various  times  into  the  humidity  chamber  on  their  appropriate 
schedules.  Therefore  several  different  points  appear  at  "he 
same  total  exposure  time.  Each  point  represents  an  average  of 
from  10  to  20  specimens  of  the  type  indicated.  Thus  the  varia- 
bility of  moisture  pickup  from  group  to  group  can  be  obtained 
from  Figs.  1 - 3 as  well.  Figs.  1 and  2 do  not  show  any  1000 
hour  steady-state  moisture  picktps.  This  data  was  not  obtained. 


The  results  for  the  Thermo-Humidity  Cycle  and  the  accel- 
erated weathering  cycles  show  marked  differences  between  speci- 
men orientation.  By  examining  the  AVCO  3305/Boron  spread  for 
the  Therino-llumidity  cycle  one  sees  that  the  0°  specimens  percent- 
age weight  gain  falls  to  the  lower  side  of  the  spread  of  data 
while  the  90°  and  ^ 0/45 / 1 35/0/90 . s specimens  generally  lie  at 
the  ton  of  the  spread  of  data  (indicating  higher  moisture  pickup 
percentages).  The  same  qualitative  remarks  apply  to  the  accel- 
erated weathering  me  sture  pickup  data  even  though  the  mean  and 
spread  of  the  accelerated  weathering  data  are  smaller. 


In  general,  the  Thermo -Humidity  cycle  data  corresponds 
to  approximately  500  hour  F constant  humidity  exposure  and  the 
accelerated  weathering  data  corresponds  with  approximately  50  to 
150  hours  of  constant  humidity  exposure  (for  AVCO  5505/Boron). 


J - i- 


b light iy  Smaller  weight  gains  were  recorded  for  Lite  Narmco  520b/ 
Modmnr  II  Graphite  than  were  recorded  for  the  AVCO  5505/Boron 
system.  Hov/t  /or,  qualitatively  the  relationship  of  fiber  orien- 
tation to  moisture  pickup  remained  the  same.  Similarly  the 
correspondence  of  the  constant  relative  humidity  to  the  Thermo- 
Humidity  cycle  and  the  accelerated  weathering  cycles  remained 
the  same . 
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The  largest  moisture  pickups  and  greatest  data  spreads 
were  found  in  the  CourtauLds  HMS  Graphite/Hercules  3002M  system. 
Here  the  moisture  pickup  for  the  i'hertno -Humidity  cycle  exceeded 
the  moisture  pickup  for  constant  humidity  at  500  hours,  correspond- 
ing more  closely  with  a constant  humidity  exposure  of  approximately 
800  hours.  Similarly,  the  accelerated  weathering  moisture  pickup 
was  greate  , but  less  than  in  the  Thermo -Humidity  cycle,  and  corre- 
sponded to  constant  humidity  exposures  ranging  from  a couple  of 
hours  up  to  500  hours.  The  greatest  number  of  data  points  fell 
nearer  the  bottom  of  this  range  (at  or  near  75  hours  exposure  on 
the  constant  humidity  moisture  pickup  curve). 

These  correspondences  with  the  constant  humidity  moisture 
pickup  curves  were  not  surprising  since,  in  fact,  the  total  ex- 
posure time  for  the  Thermo -Humidity  cycle  to  987.  RH  at  120°F  (the 
constant  humidity  exposure)  v.’as  500  hours  less  than  the  1-1/2 
hours  per  day  times  15  days  or  approximately  478  hours  exposure. 
Similarly  the  net  exposure  time  for  the  accelerated  weathering 
samples  to  high  moisture  was, 

18 

15  x (^q)  x 12  periods  - 54  hours  of  net  exposure  time  to 
moisture  with  306  hours  of  light  and  heat  plus  140  hours  of  in- 
activity out  of  a total  of  500  hours  in  the  exposure  cycle. 

In  summary  the  cyclic  humidity  conditioning  treatment- 
produce  moisture  gains  approximately  the  same  as  that  for  the 
net  moisture  exposure  time  during  the  constant  humidity  exposures. 

The  room  temperature  longitudinal  tensile  stress-strain 
behavior  of  AVCG  5505/Boron  composite  material  is  shown  in  Fig.  4 
after  500  and  1000  hours  exposure  to  987.  RH.  The  transverse 
tensile  stress-strain  behavior  of  AVCO  5505/Boron  is  shown  in 
Figs.  5 to  7 for  room  temperature,  260°F  and  350°F  respectively. 

It  is  apparent  from  these  curves  that  the  effect  of  moisture  is 
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COMFARAT IVf:  TENSILE  BEHAVIOR  OF  0°  BORON/AVCO  5505  BEFORE  AND  AFTER  500  AND 
1000  HOURS  EXPOSURE  TO  98"  R.H.  WHEN  TESTED  AT  ROOM  TEMPERATURE 


STRAIN  , p-in/ir* 

COMPARATIVE  TENSILE  BEHAVIOR  OF  90*  BORON /AV CO  5505  BEFORE  AND  AFTER  1000 
HOURS  EXPOSURE  TO  981  R.K.  WHEN  TESTED  AT  260 “F 


to  generally  reduce  the  strength  (end  ultimate  strain)  capabili- 
ties ot  the  9U“  composite.  However,  the  stress-strain  charac- 
teristics, and  particularly,  the  initial  modulus,  were  not 
radically  altered  by  Che  exposure.  The  effect  on  cross-ply 
laminates  is  shown  In  Figs.  8 and  9 where  no  significant  changes 
in  strength  or  modulus  are  observed. 

The  in-plane  shear  behavior  as  affected  by  moisture  is 
shown  in  Fig.  10.  Here  there  is  a gradual  loss  in  modulus,  a 
slight  reduction  in  strength  and  a slight  gradual  Increase  In 
ultimate  strain  capability.  This  'oss  in  modulus  is  reflective 
of  a matrix  and  interface  change  and  does  not  Indicate  a change 
in  fiber  modulus. 

The  Thermo-Humidity  cycle  delaminated  several  of  the 
samples  after  a hundred  hours  of  exposure.  The  back-to-back 
high- low  thermal  changes  were  chiefly  responsible.  This  effect 
was  most  noticeable  in  the  high-modulus  graphite  and  seemed  to 
be  least  present  for  the  boron/AVCO  5505  epoxy  composites.  This 
effect  is  caused  mo-e  by  the  high  differential  thermal  expansion 
present  in  the  graphlt e/epoxy  c omposltes  compared  with  that  In 
the  boron/epoxy  composites. 

The  greatest  damage  was  sustained  by  the  Hercules  3002M/ 
Courtaulds  HMS  Graphite  system.  Damage  was  noted  in  some  of  the 

0/45/135/0/90]  systems  with  delamination  clear  to  the  end  of 

8 

ljc  sample.  Where  such  damage  was  defected,  the  samples  were 
tested  and  the  de lamination  noted  in  the  daua  tables  in  the 
appendices  to  this  report. 

The  Thermo -Humidity  cycle  is  discussed  in  (1)*. 


* Numbers  in  parenthesis  refer  to  the  References  at  the  end 
of  this  report. 


No  Exposure 


SHEAR  STRAIN, M ^/ln 

COMPARATIVE  SHEAR  STRESS -SHEAR  STRAIN  BEHAVIOR  OF  BORON/AVCO  5505 
COMPOSITE  BEFORE  AwD  AFTER  500  AND  1000  HOURS  EXPOSURE  TO  981  R.H. 
WHEN  TESTED  AT  ROOM  TEMPERATURE 


The  accelerated  weathering  cycle  contained  a U .V.  exposure 
contribution  which  was  not  present  in  the  other  humidity  cycles. 

A great  deal  has  been  published  on  the  correlation  between 
laboratory  exposure  times  and  field  times,  or  on  the  relation- 
ship between  exposure  duration  in  one  area  versus  exposure  dura- 
tion in  another  area.  The  basic  photodegradative  process  is 
fairly  simply  stated:  the  weathering  mechanism  is  a process  of 

chemical  change  in  \%’hich  the  ultraviolet  radiation  is  the  source 
of  the  energy  for  these  changes  and  the  air  and/or  water  provides 
the  oxygen  etc.  for  the  chemical  change.  The  photodegradative 
efficiency  of  the  solar  energy  is  inversely  related  to  the  wave- 
length, the  shorter  or  U.V.  wavelengths  causing  the  greatest 
damage . 

Accelerated  weathering  cycles  arc-  discussed  more  exten- 
sively in  references  (2)  through  (13). 

Several  parametric  crossplots  illustrating  the  effect  of 
moisture  pickup  on  the  mechanical  properties  were  prepared. 
Figures  11  to  13  show  the  effects  of  moisture  on  strengths  of 
0°,  90°  and  [0/^-5/135/0/901  s laminates  of  AYCO  5505/Boron  com- 
posite material.  Figures  14  to  16  show  the  effects  of  moisture 
on  the  elastic  moduli  of  these  three  composites. 

There  is  a gradual' decay  of  the  0°  tensi  le  strength  of 
AVCO  5505 /Boron  with  temperature  for  the  base  Line  data  as  shown 
in  Fig.  11.  Similar  effects  are  seen  for  the  0°  compressive 
and  0°  shear  strengths.  With  the  exception  of  the  room  tempera- 
ture tensile  strengths,  Figs.  11a  -c  show  that  the  strengths 
generally  decrease  for  50*0  hours  exposure  to  A 8 A RH  with  addi- 
tional decrease  after  1000  hours  exposure.  The  room  tempera- 
ture tensile  strengths  are  probably  too  low  in  Fig.  ila.  The 
cyclic  humidity  conditioning  resulted  in  generally  greater 
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Fig.  16  EFFECT  OF  HUMIDITY  CONDITIONING  ON  ELASTIC 

MODULI  OF  AVCO  5505/3ORON  COMPOSITES  1 0/4S / 135/0/90] 
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strength  reductions  than  did  the  steady  state  exposures.  The 
transverse  strengths  are  shown  in  Fig.  12a  - c.  Again  the  cyclic 
humidity  exposures  affected  the  tensile  and  compressive  strengths 
more  than  did  the  constant  humidity  exposures. 

The  laminate  strengths  are  plotted  in  Fig.  13.  The  elevated 
temperature  compressive  properties  of  the  [0/45/135/0/90]  lami- 

B 

wrv  btvtrly  affected  by  both  the  steady  state  and  cyclic 
humidity  exposures. 

The  0°  elastic  moduli  were  not  as  substantially  affected 
by  humidity  environment  (See  Fig.  14)  as  were  the  90°  and  lami- 
nate elastic  moduli  (See  Figs.  15  and  16  respectively).  The 
crossply  laminate,  [0/45/135/0/90]  , stiffnesses  increased  over 
baseline  values  as  a result  of  the  humidity  conditioning.  The 
rate  of  stiffness  decrease  with  temperature  did  not  change  for 
the  0°  and  90°  composites  as  it  altered  for  the  laminates. 

With  regard  to  the  compression  strength  plots  it  should 
be  noted  that  the  coupon  compressive  values  were  used  for  these 
comparisons  as  in  all  following  comparisons. 

Similarly  cross  plots  were  made  for  Modmor  IT  Graphite/ 
Narmco  5206  composites  (Figs.  17  - 22)  and  Courtaulds  HMS  Graphite/ 
Hercules  3002M  Composites  (Fig.  23  - 28). 

In  several  ways,  the  two  graphite  composites  behaved 
similarly.  The  0°  tensile  strength  for  both  Modmor  Il/Narmco 
52  and  Hercules  3002M/Courtaulds  HMS  Graphite  Composites  in- 
creased over  the  baseline  0°  strength  at  room  temperature  although 

the  lut Cc r 1 s strengths  si  slevstsd  fetep.  ratur^s  fell  below  the 

baseline  strengths.  The  inplane  shear  strengths  for  the  two 
materia" 8 fell  close  to  the  baseline  values  over  the  entire 
temperature  range.  Furthermore , the  inplane  shear  strengths 
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FiK.  21  EFFECT  OF  HUMIDITY  CONDITIONING  ON  THU 
ELASTIC  MODULI  OF  NARMCO  5206/MODMOR  II 
GRAPHITE  COMPOSITE  - 90° 
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dropped  rapidly  with  temperature  increase.  The  0°  compressive 
strengths  for  both  materials  fell  below  the  baseline  values  at 
room  temperature  but  at  elevated  temperatures  some  of  the  con- 
ditioning treatments  resulted  in  slight  increases  In  the  compres- 
sive strengths.  Finally  the  laminate  baseline  tensile  strengths 
of  both  materials  increased  with  increasing  temperature.  The 
influence  of  he  humidity  conditioning  on  the  laminate  was  to 
increase  the  tensile  strengths  at  room  temperature,  show  tenslles 
at  260°F  fairly  close  to  the  baseline  values  and  show  a decrease 
at  350°F.  The  tensile  strengths  of  the  laminates  showed  an 
increase  in  the  rate  of  change  with  temperature  as  a result  of 
the  humidity  conditioning  (See  Figs.  19  and  25).  This  effect 
was  previously  noted  for  AVCO  5505/Eoron  (See  Fig.  13)  but  much 
less  so  chan  in  the  two  graphite  laminates.  The  90°  baseline 
compressive  strengths  of  both  graphite  materials  were  affected 
by  temperature  -»nd  ♦•he  rat  . _f  str-agtli  Jctasbt  with  tempera- 
ture was  higher  as  a result  of  prior  humidity  conditioning.  The 
compressive  strengths  of  the  two  graphite/epoxy  composites  were 
not  influenced  substantially  by  either  temperature  or  prior 
humidity  conditioning.  The  Modmor  il/Nannco  5206  Graphite 
laminate  was  affected  proport  innately  less  than  was  the  Hercules 
3002M/Courtaulds  HMS  Graphite  laminates. 

The  moduli  of  the  two  graphite  composite  systems  are 
shown  in  Figs.  20  - ??  and  Figs.  26  - 28  for  the  Modmor  II/ 

Narmco  5206  and  the  Hercules  j0()2M/C«nirtaulds  HMS  Graphite 


*c  t"  f 1 1 


' X wv  oil 


J DU  tllib 


increased  with  temperature.  The  baseline  0 compressive  strength 
of  Modmor  II  Graph  it e/Narmco  5206  remained  constant  over  the 
temperature  range  but  the  Hercules  |0<)2M/Goui  tan  Ids  HMS  Graphite 
0 compressive  strength  increased  with  increasing  temperature. 

The  baseline  inplane  shear  strength  oj  both  materials  decreased 
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transverse  me  lull  and  the  laminate  compressive  baseline  moduli 

decreased  with  increasing  temperatures.  Similarly  the  baseline 

tensile  moo*  li  of  the  laminate,  10/45/135/0/90]  , increased 

with  increasing  temperatures.  Humidity  conditioning  did  not 

substantially  change  the  0°  moduli  of  either  material.  The 

90°  and  l 0/45/135/0/90]  moduli  were  affected  substantially  by 

s 

the  humidity  conditioning.  No  real  differences  between  steady 
state  and  cyclic  humidity  conditioning  were  noted  for  the 
graphites  as  they  were  in  AVCO  5505/Boron  as  far  as  moduli 
alterations  were  concerned. 

In  summary,  the  prior  humidity  conditioning  affected 
both  unidirectional  and  laminate  properties.  In  those  cases 
where  low  residual  stresses  were  present  (as  evidenced  by  a 
monotonic  decreasing  strength  versus  temperature  curve),  the 
presence  of  humidity  conditioning  generally  decreased  the 
strengths.  In  those  cases  where  substantial  residual  stresses 
were  present  (as  evidenced  by  a peaking  or  increasing  strength 
versus  temperature  curve),  the  humidity  conditioning  frequently 
led  to  an  Increase  In  the  strength  of  the  composite.  In  addi- 
tion it  {tj  evident  that  the  amount  of  moisture  absorbed  by  the 
composites  depends  on  the  total  time  exposure  to  high  moisture, 
regardless  of  the  intervening  high  temperature,  low  temperature, 
drying  time  or  U.V.  exposure. 

On  the  basis  of  the  static  humidity  results  the  Thermo- 
Humidity  Cycle  was  selected  for  some  additional  studies.  A 
limited  test  program  was  then  initiated  to  ascertain  the  effect 
that  moisture  protective  coatings  might  have  on  the  static 
mechanical  properties  of  composites  subjected  to  this  high 
humidity  cycle. 
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Accordingly,  aerospace  companies  were  contacted  to 
ascertain  the  most  appropriate  coatings  for  the  composites.  Air 
Force  Spec.  Mil-C-83286  and  MACDAC  Spec.  MMS-420  were  utilized 
to  procure  the  coatings.  A polyurethane  coating  was  selected*. 
This  particular  system  required  a four  hour  drying  period  at  77 °F 
and  wai  fully  cured  in  7 days. 

The  coated  samples  were  then  statically  tested.  Table  IX 
presents  a summary  of  the  test  results.  Unfortunately  tape  sup- 
plies of  the  system  affected  the  most  by  the  Thermo -Humidity  cycle 
(namely  Hercules  3002M/Courtaulds  HMS  Graphite)  were  exhausted 
and  new  supplies  were  unavailable  in  time  for  the  coating  tests. 

2 . 1 . b . 3 Effects  of  Thermal  Conditioning 

The  exposure  of  the  resiu  matrix  composites  to  steady 
state  temperature  affected  the  composites  differently  depending 
on  the  material.  The  Avco  5S05/Boron  composites  appear  in 
general  to: 

1)  increase  in  stiffness  slightly  (in  facL  the  entire 
stress-strain  curve  shifts  slightly  to  the  left) 

2)  increase  in  strength 

3)  have  a slightly  "educed  ultimate  strain  capacity. 

This  behavior  is  illustrated  in  Figs.  29  and  30  for  the 
laminae  (90°  tension  and  in-plane  shear)  which  are  most  sensitive 
to  prolonged  exposure  to  elevated  ti  iperature.  'he  steady-state 
temperature  exposure  would  appear  to  be  acting  as  an  additional 
post  curt  to  the  AVCu  anOS/fv  r ri  •nmpnsii.  e laminae.  The  laminate 
behavior  is  shown  in  Figs.  11  and  32  and  appears  t.o  bo  less 
severe . 


* Super  Desothane,  A product  of  lie. Soto,  Inc. 
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COMPARATIVE  TENSILE  BEHAVIOR  OF  90°  BO RON/ AV CO  5505  COMPOSITE  BEFORE  AND 
AFTER  500  HOURS  EXPOSURE  TO  350°F  WHEN  TESTED  AT  350°F 


STRAIN,  ft  - IN/IN 

BORON /AVCX)  5505  LAMINATE  [ 0/45/135/0/W  g BEFORE 
350CF  WHEN  TESTED  AT  ROOM  TEMPERATURE 


Prolonged  exposure  of  Modnior  II  Graph ite/Narmco  5206  epoxy 
laminae  (sec  Figs.  33  and  34) to  elevated  temperature  acts  as  a 
typical  detrimental  factor  by  decreasing  transverse  modulus,  ulti- 
mate transverse  strength  and  ultimate  transverse  strain  capabili- 
ties oi  the  lamina.  The  modulus  reduction  would  appear  to  be 
l>t  imat  j 1 v confined  to  th  early  portion  of  the  exposure  since 
after  100  hours  and  500  hours  the  two  stress-strain  curves  are 
coincident.  However  additional  transverse  strength  and  trans- 
verse strain  capabilities  wort*  lost. 

Several  parametric  cross  plots  are  available  for  the  pur- 
p ( f illustrating  i ho  effects  of  steady-state  thermal  con- 

ditioning on  the  static  properties  of  the  three  resin  matrix 
composite  material:  . Thus  Figs.  35  - 40  present  the  effects  >f 
steady  state  conditioning  on  the  tensile  compressive  and  shear 
strength  and  moduli  of  0°,  00°  and  ! 0/45/1 35/O/OOj  AVCO  5505/ 
boron  composites.  In  Figs.  35  and  36  the  tensile  strength  of 
the  0"  and  compressive  strengths  <-f  the  40°  and  .0/45/135/0/90.^ 
laminates  showed  a decrease  after  exposure  to  steady  state 
thermal  epnd i t inning.  The  0°  compressive  strength,  the  in-plane 
shear  strength  of  the  0"  composites,  the  tensile  strengths  of 

the  90’  and  . 0/45/ 1 35/O/VO , showed  i ncreases  in  strength 

s 

particularly  at  the  elevated  temperatures.  These  latter  strengths 
are  more  r«s*o  sensitive  than  the  former  sLieitglhs.  3'he  steady- 
state  thermal  cond i t i oning  acts  as  an  additional  post-cure  on 
rh<  res*n  matrix. 

The  elastic  PKxluli  of  the  0°  AVCO  5505/Koron  composites 
were  increased  slightly  at  the  elevated  temperatures  (See  Fig. 

38)  as  a result  of  the  steady-state  thermal  conditioning.  In 
pri  Mtinn,  the  steady-state  thermal  eond i t ion* *v»  pT*nd<*-^a  ^ 

tes.t  temperatures  more  nearly  equal  between  the  tension 


versus 
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COMPARATIVE  TENSILE  BEHAVIOR  OF  903  MODMOR  II  GRAPHITE /NARMCO  5206  COMPOSITE 
BEFORE  ANI  AFTER  100  AND  500  HOURS  EXPOSURE  TO  260 CF  WHEN  TES'ED  AT  ROOM 
TEMPERATURE 


COMPARATIVE  TENS  I BEHAVIOR  OF  90^  MODMOR  II  GRAPHITE /NARM CO  5200  COMPOSITE 
BEFORE  AMD  AFTER  100  AND  500  HOURS  EXPOSURE  TO  550  F WHEN  TESTEO  AT  ROOM 
TEMPERATURE 
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OF  'JH I , STRFNGTHS  OF  AVCO  5505/liOKON  COMIMiS  ITI  .1 
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Fig.  39  EFFECT  OF  STEADY  STATE  THERMAL  CONDITIONING  ON 

THE  ELASTIC  MODULI  OF  AVCO  550S/B0K0N  COMI’OS  I TEN  - 9ir 


Q 


S 


n 


* 


i 

i 


72  i 

i 

J 

— • rn. -■  ,r. ..... . - . .. 


and  compression  modes  (See  Fig.  39).  The  tensile  moduli  of  the 
L 0/45 / 135/0/ 90] g laminates  increased  over  the  entire  temperature 
range  as  a r suit  of  prior  thermal  conditioning  while  the  corre- 
sponding compressive  moduli  decreased  at  the  higher  teat  temp- 
eratures . 

The  effect  of  steady  state  thermal  conditioning  on  the 
strength  of  Narmco  5206/Modmor  II  graphite  composites  is  shown 
in  Figs.  41-43.  In  general  the  strengths  of  this  graphite/epoxy 
composite  increased  as  a result  of  the  steady-state  thermal 
conditioning.  The  260°F  exposures  resulted  In  small  i icrea.se- 
in  strength  or  no  change  for  almost  all  types  of  loading  and 
composite  orientations.  The  350°F  exposures  showed  lower  ex- 
posed strengths  than  did  the  260  °F  exposures  and  often  times, 
as  in  the  case  of  the  90°  tensile  strengths,  a substantial  reduc- 
tion was  detected. 

The  effect  of  steady  state  thermal  conditioning  on  the 
elastic  moduli  of  Narmco  5206/Modmor  II  graphite  composites  is 
shown  in  Figs.  44  to  46.  The  tensile  and  in-plane  shear  moduli 
were  not  affected  substantially  by  steady  state  thermal  condi- 
tioning. The  compressive  moduli  were  affected  substantially; 
for  all  three  orientations  the  500  hours  at  260UF  was  the  worst 
culprit . 

The  effect  of  steady  state  thermal  conditioning  on  the 
strengths  of  Hercules  3002M/C.ourtaulds  HMS  Graphite  composites 
is  shown  in  Figs.  47  to  49.  In  rener/il.  For  the  0°  and 
i .0/45/135/0/90]  composites,  the  tensile  and  compressive 
strengths  increased  above  the  baseline  values  at  al  1 tempera- 
tures. However  the  90°  tensile  strengths  were  substantially 
lower,  at  all  temperatures,  than  the  baseline  vai  ies.. 
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THE  ELASTIC  MODULI  OF  NAKMCO  3206/MODMOK  II  OKAPHITE 
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THE  STRENGTHS  OF  HERCULES  3002m/COUR^AULDS  HMS 
GRAPHITE  COMPOSITES  - 0° 
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49  EFFECTS  OF  STEADY  STATE  I'HEKMAI.  CONDITIONING  ON  THE  STRENGTHS 

OF  HERCULES  !i002M/C0URTAUI.I)S  HMS  GRAPHITE  COMPOSITES  - [ 0 /45 /I35 /0 /9(T 


Figures  50  to  52  show  the  effect  of  thermal  conditioning 
on  the  clastic  moduli  of  Hercules  3002M/Courtaulds  HMS  graphite. 
Very  little  change  in  the  elastic  moduli  of  the  0°  composites 
was  evident.  The  [0/45/135/0/90] _ composites  showed  substantial 

O 

modulus  reduction  in  the  compressive  moduli  for  the  500  hour 
exposure  at  260 ®F. 

Cyclic  thermal  conditioning  effects  on  the  strengths  of 
AVCO  5505/Boron  are  indicated  in  Figs.  53  to  55.  The  most  sub- 
stantial changes  were  in  the  90°  compression  strengths,  particu- 
larly, the  room  temperature  strengths.  In  addition  the  0°  tensile 
strengths  were  reduced  by  cyclic  thermal  conditioning  over  the 
entire  ange  of  temperatures. 

The  effect  of  cyclic  thermal  conditioning  on  the  elastic 
moduli  of  AVCO  5505/Boron  composites  is  shown  in  Figs.  56  to  58. 
Most  of  the  reduction  in  elastic  moduli,  from  the  baseline  values 
took  place  at  room  temperature.  The  exception  to  this  trend  was 
for  the  compressive  moduli  of  the  [ 0/45/135/0/90J  composites. 

The  effects  of  cyclic  thermal  conditioning  on  the  strengths 

of  Narmcc  5206/Modmor  II  graphite  are  shown  In  Figs.  59  to  61. 

The  in-plane  shear  strength  of  Narmco  5206/Modmor  II  graphite 

was  altered  so  as  to  make  the  strength  nearly  constant  over  th 

entire  range  of  temperatures.  The  0°  tensile  strength  were 

altered  from  the  baseline  strength  levels  so  as  to  produce  an 

increase  in  strength  with  temperature.  The  most  scattered 

results  were  again  shown  for  the  I 0/45/135/0/90j  composites 

particularly  the  compressive  strengths.  The  tensile  strengths 

of  the  [0/45/135/0/90j  laminates  also  became  more  constant  over 

s 

the  entire  range  than  were  the  baseline  strengths. 

Modulus  changes  in  Narmco  5206/Modmor  II  graphlt  > as  a 
resu  c of  cyclic  thermal  conditioning  are  shown  in  Figs.  62  to  64. 
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Fig.  62  EFFECT  OF  CYCLIC  THERMAL  CONDITIONING  ON  THE 
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ELASTIC  MODULI  OF  NARMCO  5 206 /MODMOR  II  CRAPHITF. 
rOMVOSTTES  - f 0/45 /135/0/9TT1 


The  largest  changes  from  the  baseline  behavior  were  evident  in 
the  90®  compressive  room  temperature  behavior.  In  almost  every 
case  the  elastic  moduli  became  more  constant  over  the  tempera- 
ture range  than  in  the  baseline  or  unconditioned  state. 

Figures  65  to  67  show  the  effect  of  cyclic  thermal  con- 
ditioning on  the  strengths  of  Hercules  3002M/ Court au Ids  HMS 
graphite  composites.  The  greatest  reduction  in  strength  were 
evident  for  the  90°  tensile  strengths  at  elevated  temperatures 
falling  substantially  below  the  baseline  strengths.  Increases 
in  strengths  were  determined  for  the  0°  and  [0/45/135/0/90] 

8 

tensile  strengths  and  the  laminate  compressive  strengths. 

The  elastic  moduli  of  Hercules  3002M/Courtaulds  HMS 

graphite  were  also  affected  by  the  cyclic  thermal  conditioning 

as  Is  shown  In  Figs.  68  to  70.  The  tensile  and  compressive 

moduli  of  the  TO/45/ 135/0/90]  laminates  were  clearly  affected 

s 

substantially. 

The  steady  state  thermal  conditioning  generally  Increased 
the  strength  and  stiffness  of  the  unidirectional  and  [0/45/135/0/90] 
composites,  decreasing  the  ultimate  strain  capabilities  at  the 
same  time.  The  transverse  strengths  were  decreased,  transverse 
moduli  Increased  and  the  strength  versus  temperature  curves 
altered  to  a more  constant  value  over  the  tc'nipef.v'.turc 

range. 

The  cyclic  thermal  conditioning  also  made  the  variation 
of  strengths  and  moduli  with  temperature  more  constant  over  the 
temperature  range.  The  moduli  were  affected  "Less  than  steady 
state  exposures  and  were  generally  decreased. 

2 . 1 . 6 . 4 Effect  of  Conditioning  on  Interlaminar  Shear 

The  interlaminar  shear  strengths  of  the  resin  rostrf-K  com- 
posites are  also  affected  hy  moisture  and  tle-rmal  umuu 
but  to  a lesser  extent  than  other  mechanical  strengths. 
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Figures  71,  72  and  73  show  how  the  interlaminar  shear  strengths 
are  affected  by  such  prior  exposures  for  AVCO  5505/Boron,  Narmco 
5 2 06 /Mod mo r II  Graphite  and  Hercules  3002M/Courtaulds  HMS  Graphite 
composites  respectively.  All  interlaminar  shear  strengths  were 
obtained  on  the  0°  fifteen-ply  short  beam  specimens. 

AVCO  5505/Boron  composites  show  a loss  of  interlaminar 
shear  strength  with  exposure  to  moisture  (see  Fig.  71a)  and  all 
environments  result  in  practically  the  same  loss  of  interlaminar 
shear  strength. 

Constant  (noncyc lie) temperature  exposures  (Fig.  71b) 
increased  the  interlaminar  shear  strength.  The  largest  increases 
were  for  the  least  severe  exposure  (100  hours  at  260°F),  while 
the  most  severe  exposure  (500  hours  at  350 °F)  increased  the 
Interlaminar  shear  strength  the  least.  In  fact  the  room  temp- 
erature i.s.s.  were  least  affected  while  the  elevated  temperature 
interlaminar  shear  strengths  were  affected  substantially  more. 

Cyclic  exposures  affected  the  interlaminar  shear  strength 
of  AVCO  5505/Boron  differently,  depending  on  the  peak  temperature 
per  cycle.  The  shear  strengths  of  specimens  cycled  to  260°F 
were  relatively  unaffected  by  the  cyclic  exposures  whereas  some 
■fnecense  of  decrease  1 .r-  the  Interlaminar  shear  strength  yr»s 
noted  for  the  specimens  with  350 °F  upper  temperatures  per  cycle. 

Qualitatively  the  same  effects  were  noted  for  the  two 
graphite-epoxy  composites  (see  Figs.  72  and  73)  humidity  generally 
decreasing  the  interlaminar  shear  strengths  over  the  entire 
temperature  range  and  mixed  effects  noted  for  the  steady-state 
and  cyclic  thermal  conditioning. 
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Fig.  71  EFFECT  OF  VARIOUS  ENVIRONMENTAL  CONDITIONING  ON 

THE  INTERLAMINAR  SHEAR  STRENGTH  OF  AVCO  j503/BORON 
COMPOSITES 
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2.1.7  Fatigue  Test  Results 

2.1.7. 1 Baseline  Fatigue  Data 

The  baseline  fatigue  data  are  presented  in  S-N  plot  form 
in  Appendices  I through  III.  It  should  be  noted  that  there  Is 
a general  decline  in  the  fatigue  resistance  of  all  three  com- 
posites with  increasing  temperature. 

2 . 1 . 7 . 2 Effects  of  Humidity  Conditioning  on  Fatigue  Behavior 

The  parametric  effects  of  humidity  condition!  ;g  on  the 

S-N  fatigue  behavior  is  shown  in  Figs.  74  and  75  for  AVCO  5505/ 
Boron  unidirectional  f 0/45/135/0/90] p laminates  respectively. 

The  effects  are  shown  at  each  of  the  three  test  temperatures 
(RT,  260 °F  and  350°F). 

Note  that  the  cyclic  humidity  conditioning  treatments 
degraded  the  fatigue  resistances  of  the  AVCO  5505/Boron  com- 
posites considerably  more  than  did  the  steady -state  humidity 
conditioning  treatments. 

Similarly  the  humidity  effects  on  the  graphite /epoxy 
composites  are  presented  in  Figs.  76  to  79. 

With  regard  to  the  fatigue  S-N  behavior  for  Narmco  5206/ 
Modmor  II  Graphite  Composites,  it  is  seen  in  Fig.  76  note  that 
the  ranking  is  (1)  baseline,  (2)  500  hours  98%  RH,  (3)  Accelerated 
weathering,  (4)  1000  hours  987,  RH  and  (5)  Thermo- Humidity  cycle 
at  room  temperature.  At  higher  temperatures  the  500  and  1000 
hours  exposures  degraded  the  fatigue  behavior  more  than  did  the 
humidity  cycles.  Similar  comments  applied  to  the  [0/45/135/0/90] 
laminates  as  well  (see  Fig.  77). 

The  fatigue  degradation  due  r,o  h Lgh  humidity  conditions 
for  Courtaulds  HMS  Graphite/Hercules  3002M  composites  are  seen 
in  Figs.  78  and  79,  The  behavior  shown  is  complex.  Some  liberal 
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Interpretation  must  be  applied  to  the  room  temperature  baseline 
data  which  is  probably  shown  too  low  in  Fig.  78.  On  the  other 
hand,  the  static  strengths  rose  with  temperature  and  it  is  possi- 
ble that  the  fatigue  S-N  behavior  mirrors  this  to  some  extent. 

2.1. 7.3  Effects  of  Thermal  Conditioning  on  Fatigue  Behavior 

Several  parametric  cross  plots  on  the  effects  of  thermal 
conditioning  on  fatigue  behavior  were  prepared.  The  efft  zt  of 
steady-state  thermal  conditioning  are  presented  as  follows: 

AVCO  5505/Boron  - Figs.  80  and  81 

Modmor  II  Graphite /Narmco  5206  - Figs.  82  and  83 

Courtaulds  HMS  Graphite/Hercules  3002M  - Figs.  84  and  85 

The  classic  degradation  of  the  fatigue  S-N  behavior  with 
prior  steady-state  thermal  conditioning  is  seen  in  Fig.  80  for 
0°  AVCO  5505/Boron  composites.  More  degradation  at  the  higher 
cyclic  lives  is  seen  in  Fig.  81  for  the  [0/45/ 135/0/^0] # com- 
posites of  AVCO  5505 /Boron. 

The  Narmco  5206 /Modmor  II  Graphite  composites  show  more 
complex  behavior.  Both  long  term  aging  effects  at  the  higher 
cyclic  lives  and  some  strengthening  effects  at  the  lower  cyclic 
lives  are  seen  in  Fig.  82,  for  0°  composites,  particular  the 
room  temperature  fatigue  behaviors.  Similar  behavior  was  noted 
in  the  case  of  the  [ 0/45/135/0/90]  laminates  although  the 
strengthening  was  more  uniform  over  the  entire  range  of  cyclic 
lives. 

Similar  effects  are  seen  for  the  Hercules  3 00 2M/ Courtaulds 
HMS  Graphite  composites,  (see  Figs.  84  and  85). 

Cyclic  thermal  conditioning  effects  on  the  fatigue  be- 
havior of  the  three  resin  matrix  composites  is  shown  as  follows: 


Maximus  Stress  Per  Cycle  (R  ■ 0.1),  % Static  Ultimate 


Cycles  To  Failure,  Cycles 

Fig.  80  EFFECT  OF  STEADY  STATE  THERMAL  CONDITIONING 

OH  THE  FATIGUE  SN  CURVES  FOR  AVCO  5505/BOKON  COMPOS l IKS -O 


Maximum  Stress  Fer  Cycle  (R  - 0.1),  X Static  Ultimate 


Cycles  To  Failure,  Cycles 


Fig.  81  EFFECT  OF  SHADY  STATE  THERMAL  CONDITIONING 

ON  TKL  FATIGUE  SN  CURVES  FOR  AVCO  5505/BOKON  COMI’OSITKS 
[0/45/135/0/531 s 


Fig.  83  EFFECT  OF  STEADY-STATE  THERMAL  CONDITIONING  ON  THE 

FATIGUE  SN  CURVES  FOR  MODMOK  11  GRAPH  ITE/NAKMOO  52()n 
COMPOSITES  - L 0/45/1 35 /0/9TF] a 

122 


Maximum 


AVCO  5505/Boron  - Figs,  86  and  87 
Narmco  5206/Modmor  II  raphlte  - Figs.  88  and  89 
Hercules  3002M/Courtaulds  HMS  Graphite  - Figs.  90  and  91 
The  behavior  shows  consistent  degradation  in  the  follow- 
ing Increasing  order  (1)  260°F  for  500  cycles,  (2)  260*F  for 
1000  cycles,  (3)  350°F  for  500  cycles  and  the  worst  (4)  350°F 
for  1000  cycles.  The  fatigue  data  indicates  that  the  materials 
still  retain  satisfactory  strengths  at  l.igh  temperature  after 
thermal  cycling. 

2.1.8  Creep  and  Stress  Rupture  Test  Results 
2. 1.8.1  Baseline  Creep  and  Stress  Rupture  Data 

All  tests  measured  the  response  to  prolonged  tensile 
loads.  Because  of  the  greater  creep  suoceptability  of  resin 
matrix  composites  at  elevated  temperatures,  the  creep  and  stress 
rupture  tests  were  conducted  at  elevated  temperatures  (260“F 
and  350°F)  only.  The  creep  test  data  were  generated  in  the 
form  of  creep  strain  versus  time  curves  at  various  percentages 
of  average  ultimate  tensile  stress  of  the  particular  material  at 
that  temperature.  The  stress  versus  time  to  rupture  data  was 
obtained  for  the  composite  materials  at  various  percentages 
of  the  ultimate  tensile  stress  levels  at  the  two  temperatures. 
Those  tests  which  ran  to  1000  hours  were  terminated  at  that  time 
and  the  specimens  removed  from  the  test  st.nds.  The  test  results 
for  Individual  specimens  are  shown  in  Appendices  1 to  III.  Both 
stress  rupture  versus  time  and  creen-tiine  curves 
sented . 

Many  specimens  failed  prior  to  the  attainment  of  the 
Intended  load  or  "during  loading."  These  specimens  are  so 
indicated  in  the  tabular  presentation  of  data.  Where  the 
majority  of  specimens  for  a given  conditioning  treatment  fell 
into  this  category,  no  sti*:as  rupture  curves  were  prepared  for 
that  particular  condition.  As  this  occasionally  happened  for 
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baseline  data  aa  wall,  some  baseline  stress-rupture  versus  time 
curves  are  alao  missing.  Where  data  was  obtained  over  a portion 
of  tha  tins  range  only,  tha  strata  versus  tins  to  ruptura  cuxvas 
ware  so  indie at ad. 

2. 1.8.2  Effacts  of  Hunidltv  Conditlonlna  on  tha  Ctsss  and 
Stress  tuptura  Properties 

Tha  affact  of  hundLdlty  conditioning,  traat—nts,  both 
steady  state  exposure  and  cyclic  hualdlty  pratraatmante  on  tha 
creep  and  stress -rupture  propartias  of  AVCO  5505/Boron,  Narnco 
5206/Modaor  II  Graphite,  and  Hercules  3002M/Courteulds  HMS 
Graphite  cooposites  ara  presented  In  Pigs.  92  and  93,  Pigs.  94 
and  95,  and  Figs.  % and  97  respectively.  Both  0*  and  [0/45/135/ 
0/90]  cooposites  were  investigated. 

Baseline  data  Is  not  available  to  conpare  tha  effact  of 
hinnldirv  conditioning  on  the  stress  rupture  properties  of  0* 

AVCO  5505/Boron  cooposites  at  260*P.  Sows  reduction  in  tha 
stress-rupture  behavior  of  0*  AVCO  5505/Boron  at  3S0aP  is  seen 
in  Fig.  92.  The  stress  rupture  beh  "tor  of  the  [0/45/135/0/55]^ 
laminates  at  both  260*F  and  350*P  appears  to  be  only  slightly 
affected  (and  improved  over  baseline,  behavior)  after  steady 
state  and  cyclic  hualdlty  conditioning. 

A similar  sat  of  humidity  effects  on  the  stress -rupture 
behavior  of  Nanaco  5206/Modmor  II  Graphite  Compos ltas  Is  shown 
in  Pigs.  94  and  95.  All  conditioning  treatments  increased  the 
street -rupture  cuxves  over  the  original  baaallna  values.  Tha 
0*  composites  were  effected  the  most  while  the  [0/45/  135/0/55] 
laminates  were  effected  the  least. 

Figures  96  and  97  show  the  effect  of  prior  humidity 
conditioning  on  the  stress-rupture  bmhavlor  of  Hercules  3002M/ 
Courfaulds  HMS  graphite.  The  only  substantial  reduction  in  tha 
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EFFECT  OF  HUMIDITY  CONDITIOJJIN3  ON  THE  STRESS  RUPTURE 
BEHAVIOR  OF  HERCULES  3002  M/COURTAULDS  HMS  GRAPHITE 
COMPOSITES  - 0° 


itrtai-cuptun  curve*  with  hurley  conditioning  for  ell  three 
materiel*  we*  detected  et  350*F  for  the  [0/45/135/0/90] #lemi- 
netes.  The  accelerated  weathering  cycle  atreas-versus  time  to 
rupture  curve*  shown  in  Fig.  97  et  350*F  is  coincident  with  the 
baseline  ^behavior.  However,  the  1000  hour  at  98%  RH  data  showed 
* decrease  from  the  baseline  values. 

Overall,  the  stress  versus  time  to  rupture  behavior  of  the 
three  resin  matrix  composite*  in  the  unidirectional  as  well  as 
[0/45/135/0/56]  laminates  war  either  not  affected  by  prior  humidity 
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conditioning  or  showed  a slight  Improvement  In  the  resistance  to 
ruoture  under  sustained  stress. 

2 . 1 . 8 . 3 Effect*  of  Thermal  Conditioning  on  the  Creep  and 
Stres*  Rupture  Properties 

The  effects  of  steady  state  thermal  conditioning  on  the 
stress -rupture  behavior  of  the  three  resin  matrix  composites  are 
shown  in  Figs.  98  to  102.  Both  0°  and  [0/45/135/0/90]gcojaposites 
and  two  temperatures  of  testing  (260°F  and  350QF)  are  presented. 

The  effect  of  steady  state  thermal  exposure  on  the  stress 
versus  time  to  rupture  behavior  of  AVCO  5505/Boron  composites  is 
shown  in  Figs.  98  and  99.  In  general  the  exposure  at  350 °F  for 
500  ho"  TC  ''T’H'nr'''!  n.iicf  »<rinr1  prOOSTtlcS  while  the  500 

nour  exposure  to  roo  r ouuwcu  Uot.it  uc^nwatory  and  enhancement  of 
the  stress  rupture  properties  relative  to  the  unexposed  baseline 
properties.  From  a logical  point  of  view,  it  is  reasonable  to 
conclude  that  the  thermal  exposure  may  not  have  enhanced  the  stress 
rupture  properties  but  that  this  conditioning  had  no  adverse 

on  rVio  ql-rgp^.n<n('>!ro  behavior. 

effect  of  steady-state  thermal  exposure  on  the  stress 
versus  time-to-rupture  behavior  of  Narmco  52^6/Modmor  II  graphite 

cuapjoikCH  rs  picstiucu  ui  rx^a.  «.««  «w  ii/i.  ..tk  ui.ftUk. 

temperature  exposure  (350°F  for  500  hours)  increased  the  resis- 
tance to  failure  under  sustained  load  above  the  0°  baseline 


Tensile  Stress,  % Baseline  Static 


Time  To  Rupture,  Hours 


EFFECTS  OF  STEADY-STATE  THERMAL  CONDITIONING  ON  THE 
'.TRESS  RUPTURE  BEHAVIOR  OF  AVCO  5505 /BORON  COMPOS  TP 


wrm 


[0/A5/L35/0 s 


Tensile  Stress  Level,  ksi 


260#F 


BASELINE 


500  hours/ 260 °F 


350*F 


500  hours/350°F 


IASELINE 


0.01  0.1 


Time  To  Rupture,  Hours 


Fig.  100  EFFECT  OF  STEADY -STATE  THERMAL  CONDITIONING  ON  THE 
STRESS  RUPTURE  BEHAVIOR  OF  NARMCO  5206/MODMOR  II 
GRAPHITE  COMPOSITE  - 0* 


Tensile  Stress  Level,  ksl 


Fig.  101  EFFECT  OF  STEADY  STATE  THERMAL  CONDITIONING  ON  THE 
STRESS  RUPTURE  BEHAVIOR  OF  NARMCO  5206 /MODMOR  15 
GRAPHITE  COMPOSITES  - [ 0/45/ 135/0 /9ff1 


Tern lie  Stress  Level,  ksi 


Fig.  102  F'TECT  OF  STEADY  STATE  THERMAL  CONDITIONING  ON  THE 
f .iESS  RUPTURE  BEHAVIOR  OF  HERCUI.ES  30O2M/COSJHTAULDS 
Hh'  GRAPHITE  COMPOSITES  - [0/45/  135/0/95]  g 


t‘«n  ^•'■uwyn  "iw^wy -siWSiR i< 'f* 8,1  *4  SM 


i 


» 


I 


i 

* 

* 


l 

«* 

r 

? 


* 


it 


t 


behavior  at  350°F.  The  500  hour  exposure  to  260°F  resulted  in 
minor  degradation  from  the  baseline  behavior. 

The  0°  stress  versus  time  to  failure  behavior  of  Hercules 
3002M/Courtaulds  KMS  graphite  is  n * shown  because  the  data 
does  not  exist  or  all  specimens  were  1000  hour  runouts.  The 
laminate  behavior  is  shown  in  Fig.  102.  Again  the  500  hour 
exposure  to  350°F  enhanced  the  stress-rupture  behavior  while 
the  260*F  exposure  for  500  hours  degraded  the  stress-rupture 
behavior. 

The  effect  of  cyclic  thermal  conditioning  on  the  stress- 
rupture  behavior  of  AVCO  5505/Boron  composites  is  shown  in  Figs. 
103  and  104.  The  res*  a showed  behavior  similar  to  that  of 
the  steady  state  therm*,  conditioning.  The  500  hours  exposure 
to  350°F  showed  better  performance  than  both  baseline  and  500 
hours  exposure  to  260°F.  The  exception  was  the  [0/45/135/0/90]b 
laminate  creep-tested  at  350°F.  Baseline  data  at  260°F  for  the 
0°  composites  were  missing  because  all  baseline  coupons  were 
1000  hours  runouts.  (See  Appendix  I - Table  XIV.). 

Figures  105  and  106  show  the  effect  of  cyclic  thermal 
conditioning  on  the  stress  versus  time  to  rupture  behavior  of 
Narmeo  5206/Modmor  II  graphite  composites.  The  behavior  is 
similar  to  that  for  AVCO  5505 /Boron  composites  as  discussed 
above.  Finally  the  stress  rupture  behavior  of  the  second 
graphite /epoxy  system,  Hercules  3002M/Courtaulds  HMS  graphite 
is  shown  in  Figs.  107  and  108.  No  beneficial  cyclic  conditioning 
was  indicated,  all  conditioning  proving  to  be  degradatory. 

2.1.9  Thermo  Physical  Properties 

2.1.9. 1 Thermal  Expansion 

Thermal  expansion  measurements  were  made  for  the  three 
resin  matrix  composite  systems,  AVCO  5505 /Boron,  Modmor  II 
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Graphite /Marszco  5206,  and  Courtaulds  HMS  Graphite/Hercules  300_M. 

Three  samples  in  each  of  three  fiber  orientations  (0°,  90°,  and 
[ 0/45/ 135/0/90]  with  respect  to  the  expansion  direction)  were 
tested  in  air  at  4°F/min.  from  ambient  RT  to  350°F  for  each 
material  system  employing  the  NETZSCH  Automatic  recording  push- 
rod  dilatometer  described  previously  (AFML-TR- 72-205,  Part  I). 

For  the  material  tested  in  the  transverse  direction  (90° 
fiber  orientation)  a 0.1  to  0.5  percent  shrinkage  was  observed 
after  the  first  heating/cooling  cycle.  Stable  expansion  be- 
havior was  observed  during  the  subsequent  cycles.  This  effect 

was  also  seen  in  the  0°  and  [0/45/135/0/90]  orientations.  The 

s 

thermal  expansion  behavior  of  material  of  this  orientation  is 
much  lower.  This  effect  is  illustrated  in  Fig.  109,  where 
percent  expansion  is  plotted  against  temperature  for  both  heating 
and  cooling  cycles  for  the  Courtaulds  HMS  Graphite/Hercules  3002M 
material  (typical  of  other  materials).  Materials  experienced 
slight  weight  loss  during  testing,  typical  weight  losses  ranging 
from  01  to  0.3  percent. 

The  instantaneous  coefficient  of  thermal  expansion  for 
each  resin  matrix  material  and  fiber  orientation  tested  was 
determined  for  the  second  cycle  stable  expansion  behavior  and 
is  plotted  as  a function  of  temperature  in  Figs.  110  to  112, 
and  tabulated  in  Table  X. 


The  low  expansion  of  the  0°  (longitudinal)  fiber  orienta- 
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the  expansion  of  the  low  modulus  matrix.  Since  the  tensile 
moduli  of  the  boron  and  graphite  fibers  are  much  higher  t.ian 
tensile  moduli  of  the  epoxy  resin  maLrices,  it  can  be  predicted 
from  strain  compatabi 1 ity  consid  rations  that  the  prope  of 

the  reinforcing  fibers  control  the  uniaxial  (0°)  expansion 
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Fig.  lio  COEFFICIENT  OF  THERMAL  EXPANSION  FOR 
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behavior.  This  was  found  to  occur  as  evidenced  by  tha  data  in 
Table  X.  Boron  fibers  exhibit  a uniaxial  expansion  coefficient 
of  2.7  x 10~6  in/in*F  (14),  and  the  AVCO  5505/Boron  composite 
exhibited  expansion  coefficients  ranging  from  2.5  - 3.0  in/in*F 
(from  ambient  RT  to  350*F)  In  the  0*  direction. 

Typical  graphite  fibers  used  in  advanced  graphite/epoxy 
composites  exhibit  negative  expansion  coefficients.  Both  graph- 
ite reinforced  systems  tested  exhibited  negative  composite  ex- 
pansion coefficients  in  the  0*  direction  as  seen  In  Table  X.  It 
was  estimated  that  the  high  modulus  graphite/epoxy  system  (Court- 
aulds  HMS  Graphite /Hercules  3002M)  would  have  a lower  uniaxial 
(0*)  expansion  coefficient  than  the  high  strength  fiber  system 
(Modoor  II  Graphite /Nartaco  5206).  This  was  also  observed  experi- 
mentally, the  uniaxial  expansion  coefficient  of  the  high  modulus 
system  being  more  negative  than  that  of  the  high  strength  graph- 
ite reinforced  material. 

These  data  conform  with  composite  thermal  expansion  data 
on  boron  - and  graphite  - reinforced  epoxy  systems  found  in  the 
literature  (14,  15). 

The  large  expansion  coefficients  for  the  90°  fiber  orien- 
tation (transverse)  are  mainly  a result  of  matrix  expansion 
without  restraint  effects  produced  by  reinforcement.  This  in- 
crease in  importance  of  the  matrix  expansion  coe  flclent  can  be 
predicted  from  strain  comparability  consideration*,  and  is  ob- 
served in  the  experimentally  ganerated  data  summarised  in  Table 
X.  Data  for  the  transverse  (90®)  orientation  exhibit  the  general 
magnitude  and  temperature  dependence  of  typical  epoxy  materlala 

biw  JspsuUciicc  vi  kits  uxpwiv luii  uelisviur  on  L IK 

reinforcement  in  the  0®  orientation. 
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Considering  both  uniaxial  and  transverse  expansion 
behavior,  the  reinforcing  fibers  alone  more  strongly  control 
the  uniaxial  expansion  behavior  than  does  the  matrix  alone  con- 
trol the  transverse  expansion  behavior.  Thus  the  fibers  have  a 
stranger  Influence  or  transverse  expansion  behavior  than  the 
Influence  of  the  matrix  or  uniaxial  expansion  behavior.  These 
observations  are  in  concurrence  with  predictions  based  on  stress 
equilibrium  and  strain  compatablllty  analyses. 

In  the  [0/45/135/0/90]  fiber  orientation  of  each  material 

8 

tested  the  composite  expansion  coefficient  is  also  low.  Indicat- 
ing the  few  0°  plies  present  offer  significant  restraint  to  the 
composite.  The  angled  plies  also  offer  significant  reinforce- 
ment according  to  literature  data  (16). 

2 * 1 • 9 * 2 Effect  of  Absorbed  Moisture  on  Thermal  Expansion 
Behavior  of  Resin  Matrix  Composites 

It  has  been  demonstrated  that  each  epoxy  resin  matrix 
composite  investigated  absorbs  water  vapor  during  shelf  storage, 
as  evidenced  by  weight  gain,  which  results  in  unstable  thermal 
expansion  behavior  upon  initial  heating  and  cooling,  vith  more 
stable  behavior  in  subsequent  thermal  cycles.  This  behavior 
has  been  observed  in  similar  materials  systems  (15).  In  particu- 
lar, tha  graphite /epoxy  composites  showed  this  behavior  moat 
clearly. 

The  unstable  first  cycle,  stable  second  cycle  expansion 
behavior  for  the  transverse  orientation  Courtsulds  HHS  Graphite/ 
Hercules  3002M  material  was  prasented  before  in  Fig.  109.  To 
indicate  the  tol*  that  absorbed  water  vapor  has  on  this  phenomena 
a sample,  not  previously  tested,  of  the  sa  e material  was  exposed 


Co  a 350*F  environment  for  63  hours.  A thermal  expansion  test 
was  then  conducted  on  this  material,  the  result  of  which  is 
shown  in  Fig.  113.  The  prolonged  tenperature  exposure  has 
resulted  in  the  elimination  of  the  unstable  first  cycle  be- 
havior. This  Identical  sample  was  then  subjected  to  98X  K.H. 
(relative  humidity)  for  812  hours,  until  the  sample  regained 
its  pre-350*F  cure  weight.  Subsequent  thermal  expansion  testing 
Indicated  unstable  first  cycle  and  a more  stable  second  cycle 
expansion  behavior  as  presented  in  Fig.  114.  This  behavior  is 
similar  to  that  shown  in  Fig.  109,  indicating  that  the  absorbed 
moisture  Is  responsible  for  the  observed  unstable  expansion 
behavior. 

2. 1.9. 3 Thermal  Conductivity  Results 

Thermal  conductivity  measurements  were  made  on  three 
reinforced  epoxy  systems,  AVCO  5503/Boron,  Modmor  II  graphite/ 
Narmco  5206 , and  Courtaulds  HMS  graphite/Hercules  3002M.  Three 
samples  in  each  of  three  fiber  orientations  (0*,  90",  and 
[0/45/ 135 /O/??^  with  respect  to  the  heat  flow  direction)  were 
tested  from  safe  lent  ST  to  350"F  employing  the  guarded  steady 
state  longitudinal  heat  flow  method  previously  described  AFML- 
TS- 72-205 , part  I. 

thermal  conductivity  results  for  these  resin  matrix 
materials  are  presented  as  a function  of  tenperature  in  Figs. 

115  to  117.  For  all  three  materials  systems  the  thermal  con- 
ductivity In  the  0"  direction  (parallel  to  fibers)  le  higher 
then  in  the  transverse  (90")  direction,  with  the  mixed  ply 
[ 0/&5/1 35/0/^0J  orlentas-itm  data  fr.llissg  U.  betvsea.  The 
straight- line  representation  of  the  data  shown  for  each  material 
orientation  was  derived  from  a linear  least  square*  date  amalysls. 
Typical  thermal  conductivity  data  scatter  for  these  composite 
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materials  ranged  from  + 4 to  + 127.  maximum  deviation  from  the 
linear  representation  shown.  Data  for  the  uniaxial  Courtaulds 
HMS  Graphite/Hercules  3002M  material,  however,  exhibited  + 207. 
variation  from  the  linear  representation,  owing  to  sample  vari- 
ability . 

The  Courtaulds  HMS  Graphite/Hercules  3002M  materials  (high 
modulus  fibers)  exhibited  thermal  conductivity  data  substantially 
higher  than  the  Modmor  II  Graphite/Narmco  5206  materials  (high 
strength  fibers).  Although  the  properties  of  the  Hercules  3002M 
and  Narmco  5206  Matrices  are  not  readily  available,  this  result 
is  possibly  due  to  the  increase  in  uniaxial  fiber  thermal  con- 
ductivity with  increasing  uniaxial  tensile  modulus  that  has 
been  observed  in  other  graphite  reinforced  epoxy  composites  (17). 

The  AVCO  5505,  Boron  exhibited  lower  thermal  conductivity 
than  either  of  the  two  graphite  reinforced  composites  studied. 
Although  the  properties  of  the  respective  matrix  materials  are 
not  readily  available,  this  result  would  not  be  unexpected  owing 
to  the  lower  thermal  conductivity  of  boron  fibers  as  compared 
to  graphite  fibers. 

Both  graphite  reinforced  materials  exhibited  substantially 
higher  thermal  conductivity  directional  anisotropy  than  the  boro s 
reinforced  material.  This  is  presumably  due  to  the  greater 
difference  between  fiber  and  matrix  conductivity  for  the  graph- 
ite reinforced  mater  als  as  c* mpa *ed  to  the  boron  reinforced 
composites . 

In  general,  good  agreement  was  obtained  ir  comparing  the 
experimentally  generated  data  for  the  0°  and  90°  fiber  orienta- 
tions of  the  three  resin  matrix  systems  studied  with  data 
derived  from  analytical  prediction  techniques  employing  familiar 
parallel  auu  series  rheriuai  analogies  (id)  . 
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2. 1.1.0  Fracture  Model 

The  failure  patterns  for  0°  resin  matrix  composites 
depended  upon  mode  and  type  of  loading  and  on  the  prior  condi- 
tioning to  a lesser  extent.  Static  tension  of  the  AVCO  5505/ 
Boron  composites  produced  fractures  which  generally  propagated 
fully  or  partially  across  -he  specimens  in  a straight  path. 

The  partial  fractures  also  had  straight  smooth  transverse 
iricture  partis  which  were  coupled  with  longitudinal  fractures 
parallel  to  the  filament  directions  thus  resulting  in  an  over- 
all steplike  fracture  pattern.  Fatigue  fracture  patterns  of 
the  0°  AVCO  5505/Boron  composites  contained  more  of  such  steps 
with  many  fibers  involved  in  each  transverse  path.  The  creep 
fracture  patterns  of  the  0°  AVCO  5505/Boron  were  different  from 
both  static  and  fatigue  patterns.  The  creep  patterns  in  the  0° 
AVCO  5505/Boron  composites  showed  many  individual  filaments 
pulled  from  the  matrix  in  random  locations  so  as  to  appear  as 
a bundle  of  broken  fibers  of  various  lengths.  Environmental 
conditioning  modified  these  appearances  only  slightly.  Humidity 
conditioning  caused  the  fatigue  and  creep  fractures  to  appear 
leas  fragmentary.  Thermal  conditioning  caused  the  fracture 
surfaces  to  appear  more  fragmentary  except  in  the  case  of 
fatigue  and  creep  fracture  surfaces  where  the  fractures  assumed 
a more  straight  or  transverse  crack  direction.  The  two  graph- 
ite composites  behaved  similarly  to  the  AVCO  5505/Boron  com- 
posites except  that  the  fatigue  fracture  modes  were  more  frag- 
mentary than  the  corresponding  AVCO  5505/Boron  fractures. 

The  failure  patterns  for  90°  composites  showed  practic- 
ally no  differences  between  the  various  fibers.  Static  tension 
failures  were  clear,  flat  and  very  nearly  lay  in  plane  perpen- 
dicular to  the  direction  of  loading.  The  90°  compression 
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failures  (coupon  specimens)  consistently  broke  in  a fracture 
plane  inclined  to  the  direction  of  loading.  A wedge  shaped 
piece  was  nearly  always  broken  from  the  coupons  after  comple- 
t ion  of  the  test  specimens  The  fatigue  and  cretp  fracture 
patterns  were  quite  similar  to  the  static  tensile  patterns  for 
all  three  resin  matrix  composites  except  that  the  Hercules  3002M/ 
Courtaulds  HMS  Graphite  composites  also  delaminated. 

Laminate  1 0/&5/1  ”15/0/90.  , composites  generally  failed 
in  an  irregular  path,  but  straight  across  the  specimens  rather 
than  in  long  steps  as  in  the  0°  static  tensile  patterns.  Static 
compression  patterns  were  so  fragmentary  that  no  analysis  could 
be  made  of  the  origin  and  progress  of  the  racking  The  fatigue 
failures  generally  showed  two  fractures  after  testing,  but  one 
of  these  most  likely  occurred  as  a result  of  unrestrained  com- 
pression followed  by  bending  of  the  sample  following  initial 
specimen  failure  before  the  fatigue  machine  finally  stops. 

Creep  failures  of  the  r 0/c 5/ 1 Vi/0/90  composites  also  shewed 

s 

double  failures  on  a frequent  basis.  Considerable  delamination 
of  the  static  tensile,  fatigue  and  creep  specimens  of  Hercules 
3002M/Courtau Ids  HMS  graphite  composites  was  evident  after 
testing. 

2 . 2 Metal  Matrix  Studies 
2.2.1  Materials 

Although  the  excellent  specific  strength  and  stiffness 
properties  of  certain  metal -matrix  composite  materials  hav  1 
been  known  to  the  aerospace  industry  for  some  time,  the  appli- 
cation of  these  materials  tc  structural  components  has  been 
delayed  because  of  high  initial  material  cost  and  the  lack  of 
fabrication  methods  that  are  economical  and  capable  of  producing 
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j panels  of  consistent  quality.  Two  promising  methods  that  are 

cowercially  used  to  fabricate  metal -matrix  composites  were 
considered  for  this  program. 

f 1)  Diffusion  bonding  in  which  the  filaments  are 

encapsulated  by  hot  pressing  of  the  matrix  foils  in  an  inert 
atmosphere. 

r 2)  Plasma  spraying  technique  where  matrix  plasma  is 

sprayed  on  filaments  to  form  composite  monolayers  (or  tapes). 

This  method  then  reqv^res  further  processing  to  produce  multi- 
layer laminates. 

* A substantial  number  of  aerospace  applications  for  metal 
matrix  composites  utilize  6061  Aluminum  together  with  the  boron 
fiber.  Therefore,  this  system  (6061  aluminum/boron)  was  selected 

§ for  characterization  in  this  program. 

The  second  metal  matrix  system  selected  was  6A1-4V- 
Titanium/BorSiC  because  of  its  utilization  in  turbine  blade 

^ applications.  A least  two  aerospace  companies  have  shown  an 

interest  in  this  material. 

2.2.2  Material  Procurement 

I The  maximum  capability  temperature  of  the  aluminum 

matrix  composites  is  generally  defined  as  600°F  and  the  titan- 
ium matrix  composites,  800 °F.  5.6  mil  boron  and  5.7  mil  BorSiC 

were  used  in  the  preparation  of  the  laminates.  Table  IV  in 

# Section  II  presented  the  test  program  utilized  for  evaluation 
of  the  metal  matrix  composites. 
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Specifications  for  metal  matrix  composites  did  not  exist 
at  the  time  that  these  two  materials  were  ordered  for  use  on 
this  program  The  aluminum/boron  composites  fabricated  contained 
50  percent  fiber  volume  The  titanium  BorSiC  composites  con- 
tained 45  volume  percent  fibers.  Preparation  of  the  titanium 
composites  was  on  a best  efforts  basis. 

6061  Aluminum/Boron  material  was  procured  from  Amercom 
Inc.  The  vendor  fabricated  the  material  in  laminate  form.  The 
composite  was  diffusion-bonded  in  vacuum.  It  was  initially 
assembled  by  winding  boron  filaments  onto  a thin  foil  of  6061 
Aluminum.  The  filaments  were  held  in  place  by  a "Fugitive 
binder".  The  sheets  of  foil  and  filaments  were  then  assembled 
to  the  requisite  lamination,  piaced  in  a stainless  steel  vacuum 
bag  and  the  bag  was  evacuated.  The  binder  was  eliminated  at  a 
low  pressure  and  temperature  under  a dynamic  vacuum.  The  heat 
was  then  raised  to  the  pressing  temperature  and  consolidation 
was  carried  out  in  the  solid  state  under  pressure.  Following 
the  consolidation  the  fully  consolidated  laminate  was  removed 
from  the  bag  trimmed  and  chemically  cleaned  prior  to  delivery. 

6A1-4V  - Titanium/BorSiC  material  was  fabricated  by  TRW 
Inc.  These  laminates  were  prepared  as  follows. 

BorSiC  filaments  were  wound  on  a 16  inch  diameter  drum 
mounted  in  a fi lament -wind ing  machine  The  filament  spacing  was 
accurately  maintained  to  provide  the  desired  filament  volume 
percent.  The  filaments  were  drawn  through  a glass  nozzle  in  the 
process  which  odded  a polystyrene  binder  coating  to  the  fiber. 

The  collimated  fiber  mat  is  next  cut  and  inserted  between  two 
titanium  foils.  This  monolayer  was  then  placed  between  two 
stainless  steel  or  molybdenum  separator  which  ’s  coated  with 
graphite  and  boron  nitride  antiadhesive  coatings.  The  assembly 
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Is  then  placed  inside  a stainless-steel  capsule  which  is  then 
evacuated.  Following  this  the  capsule  is  hot  pressed  which 
breaks  down  the  polystyrene  into  gaseous  decomposition  products 
and  these  are  removed  by  a dynamic  vacuum.  When  the  bonding 
temperature  is  reached,  the  pressure  is  increased  and  the  assem- 
bly is  bonded  for  a period  of  time.  Following  this  the  load  is 
reduced  the  monolayer  is  removed  and  the  surface  is  etched  to  a 
50  fiber  volume  percent  thickness.  Then  the  monolayers  were 
stacked  between  20  mil  thick  doubler  plates  and  the  new  assembly 
is  subjected  to  pressure  and  elevated  temperature.  Thus  two 
distinct  diffusion  bonding  operations  are  used  in  the  overall 
process. 

2.2.3  Metal  Matrix  Material  Test  Specimens 

Figure  118  presents  the  specimen  geometries  of  the  various 
metal  matrix  test  specimens  employed  in  this  program. 


Referring  to  the  Fig.  118a  the  tension,  and  tensile 
fatigue  and  creep  specimens  were  similar  to  the  IITRI  straight 
sided  tab  ended  coupons  used  for  the  resin  matrix  studies  with 
2 in.  gage  lengths  and  4 inches  long.  The  specimen  shape  was 
arrived  at  by  machining  oi  the  20  mil  doubler  plates  bonded 
during  plate  fabrication  on  top  and  bottom  surfaces  instead  of 
bonding  of  a tab  on  the  laminate  as  with  resin  matrix  composite 
tests  specimens.  With  the  removal  of  18  mil  foil  layer  on  either 
surface,  the  specimen  thickness  was  approximately  44  mils. 


Figure  118b  shows  the  15 -ply  compression  and  R.  ” -1  and 
10  fatigue  coupon  geometry  which  was  obtained  by  machining  in 
a manner  similar  o the  tension  specimens.  The  specimen  had  a 
gage  length  of  1/2  in.  and  with  the  removal  of  18  mil  cover  on 
either  side.,  the  test  section  thickness  came  to  about  110  mils. 
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Fig.  118  meta:.  matrix  test  specimens 


The  flexural  specimens  of  0“  and  90“  fiber  orientations 
were  the  same  as  those  for  the  resin  matrix  composites.  These 
..oo  Vj  plies  with  a thicknesses  of  110  mils  after  the 
removal  of  - ever.  sp*...  imcna  wcrr  Lrsieu  in  a manner 

similar  to  the  testing  of  the  resin  matrix  llexure  specimens. 

Interlaminar  shear  specimens  were  also  IS  mils  thick  and 
they  were  1/2  in.  wide  and  0.6  in.  long.  The  test  procedure 
was  identical  to  that  for  the  resin  matrix  specimens  with  three 
point  loading. 

Thermal  conductivity  and  Thermal  expansion  specimens  were 
2 in.  by  1/2  in.  by  6 plies  in  thickness.  For  the  former  tests, 
several  of  these  specimens  wore  < <-  --•!  >-<j  teg-rilwr  to  j total 
thick  ness  of  1 inch. 

Density  determinations  were  made  on  specimens  similar  in 
size  to  those  used  for  thermal  property  tests.  The  fiber 
volume  density  was  measured  by  gravimetric  means. 

2.2.3.  1 General  Specimen  Machining  Procedures 

The  6061  A1 uminum/boron  panels  fabricated  by  Amercom  Inc. 
had  a 20  mil  thick  6061  aluminum  doubler  plates  di  f fusion -bonded 
to  both  the  top  and  bottom  surfaces  of  the  panels. 

The  tension  and  compression  specimens  required  tabs  at 
the  grips.  By  machining  away  the  doubler  plates  in  the  test 
section  of  the  specimens  (to  a depth  of  18  mils)  we  were  left 
with  18  mil  thick  tabs  on  each  end  of  the  sample  on  both  sides 
of  the  specimen.  This  provided  a composite  specimen  with  a 
uniform  matrix  covering  the  filaments  throughout  the  entire 
feef:  section.  1'or  spociuteiis  LiiaL  dxu  not  require  the  tab  thick- 
nesses such  as  in  flexure  and  intirlaminar  shear  tests,  the 
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doubler  plates  were  Mchlned  to  remove  18  mils  uniformly  over 

fill  1 *rf  o of  the  socclnen. 

The  actual  machining  work  was  done  aa  described  below: 

The  blank  plates  were  held  in  a fixture  on  the  surface 
grinder  to  permit  two  cuts  in  the  longitudinal  direction,  using 
a 1/16"  cutoff  wheel.  These  two  cuts  removed  the  rough  edges. 
The  plates  were  then  turned  90°  and  held  In  a similar  clanging 
fixture  to  cut  the  plate  i to  the  specimen  length.  The  reduced 
section  was  then  ground  in  the  plates  using  a grinding  wheel 
with  the  corner  radius  dressed  on  both  edges.  At  this  point 
the  plates  were  held  in  a fixture  and  the  specimens  were  cut 
to  the  proper  width  with  a cutoff  wheel.  After  this  operation 
the  specimens  were  deburr ed . 

A similar  proce  lure  was  adapted  for  specimen  fabrication 
from  the  6A1-4V  - Titanium/BorSiC  material  which  also  had  a 
matrix  foil  cover  of  20  mil  thickness  on  either  face. 

2. 2. 3. 2 Machining  Procedure  for  Titanium/BorSiC  Composite 
Specimens  from  Diffusion  Bonded  Plates 

The  edge  condition  of  each  blank  plate  was  examined.  If 
there  was  any  doubtful  edge  sections,  a predetermined  amount  was 
removed  to  assure  a uniform  density. 


This  whole  operation  was  done  in  a steel  hold  down  fixture 
in  a surface  grinder,  (the  clamp  bar  being  0.015"  to  0.030"  away 
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utilized  was  an, 

ALLISON,  VA-602-M-RA,  (1/16"  x 3"  x 12") 
operated  at  2800  RPM  spindle  speed. 

A normal  traverse,  0.001"  downfeed- -water 
soluble  coolant  was  employed. 
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depending  on  the  fiber  orientation  relative  to  the 
specimen  geometry,  the  specimen  blanks  were  removed  in  the 
following  manner: 

(A)  Specimens  that  required  the  fibers  in  the  longitudinal 
direction  were  cut  in  strips  to  the  correct  width  and  the  full 
length  of  the  plate.  (Using  the  fixture  described  above). 

(B)  Specimens  with  transverse  fibers  were  cut  to  the 
correct  width  from  sections  that  were  cut  from  the  blank  plate-- 
each  section  cut  to  the  specimen  ' ength  and  paral lei  to  the 
fiber  direction.  A smaller  plate  fixture  of  similar  design  was 
used  to  cut  transverse  specimens  to  toe  correct  width.  The 
wheel  utilized  was  the  same  as  above. 

The  reduced  area  was  ground  in  a hold  down  fixture  that 
accommodated  twelve  specimens  and  which  clamped  the  specimens 
within  1/3?"  of  the  reduced  section.  Equal  amounts  were  removed 
from  each  side.  When  the  specimens  were  turned  over  for  grind- 
ing, a suitable  shim  was  p Laced  in  the  original  reduced  area  to 
prevent  deflection  and  to  act  as  a heat  sink.  The  wheel  used 
was  a , 

NORTON,  37C-60-.JVK,  (1"  x 3"  x 12") 
operated  at  2200  KPM  spindle  speed. 

A normal  traverse,  0.0003"  downfeed-- 
soluble  coolant  was  employed. 

The  radius  was  dressed  on  both  edges  of  the  wheel.  The 
final  grind,  on  both  sides,  was  at  0.0001"  to  0.00015"  downfeed. 

The  amount  of  stock  removed  per  pass  was  critical;  any 
Increase  in  the  grinding  cut  caused  excessive  heat  and  tended 
to  make  the  specimen  deform  upwards  into  the  whee L , exposing 
the  fibers. 
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Plain  specimen  blanks  (no  reduced  section)  were  produced 
as  described  above  for  the  specimen  blanks. 

The  material  removal  of  the  entire  surface  of  the  plain 
blanks  was  done  individually.  A vise  with  "step  jaws"  was  used 
to  hold  the  specimens  during  the  grinding  operation.  An  equal 
amount  of  material  was  ground  from  each  surface.  The  wheel  used 
was  as  described  above  for  removing  material  for  tensile  coupons. 

The  grinding  of  large  sections  resulted  in  deflection, 
due  to  the  heat  generated  at  the  wheel  contact  point  (even  with 
coolant),  and  resulted  in  damaged  areas  with  some  fibers  exposed, 
inspection  was  required. 

2.2.4  Static  Test  Results  for  Metal  Matrix  Composites 

2. 2.4.1  Baseline  Data 

Baseline  data  were  generated  for  both  6061  Aluminum/boron 
and  6A1-4V  Titanium/BorSiC  Composites  for  both  0°  and  90°  pro- 
perties, in  tension  and  compression  at  various  temperatures: 

70°F,  160°F,  400°F,  600°F  and  at  800°F  for  the  Titanium/BorSiC. 
These  results  are  presented  in  Appendices  IV  and  V.  Be* h tabu- 
larized  data  on  strengths  and  moduli  and  stress -strain  curves 
are  shown  there. 

2 . 2 . 4 . 2 Effects  of  Thermal  Conditioning  on  the  Static 
Properties  of  Metal  Matrix  Composites 

Both  steady-state  and  cyclic  thermal  conditioning  treat- 
ments were  applied  to  the  two  metal  matrix  composites.  The 
efforts  of  these  conditioning  treatments  are  summarized  in 
Figures  119  - 126,  In  general,  the  steady  state  treatments 
appeared  tv_>  have  a mixed  effect  on  the  tensile  strengths  of  the 
two  composites,  while  the  cyclic  thermal  effects  appeared  to 
cause  a general  degradation  of  the  tens  Me  strengths.  Both 
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conditioning  treatments  appeared  to  cause  a degradation  of  the 
compressive  strengths. 

2.2.5  Fatigue  Test  Results 

Both  metal  matrix  composites  were  subjected  to  fatigue 
at  various  R ratios  (R  - 0.1,  -1,  and  10)  at  a cyclic  frequency 
$ ■ 1800  rpm.  No  conditioning  was  applied  to  the  metal  matrix 
composites  but  the  materials  were  tested  at  temperaturea  of  70°F, 
160 °F,  400 °F,  600®F  and  at  800  °F  for  the  6Al-4V-Titanium/BorSiC 
Composites.  Fatigue  in  both  the  longitudinal  (0°)  and  trans- 
verse (90°)  directions  was  studied. 

The  results  are  presented  in  Appendices  IV  and  V and  in 
Figs.  551  to  556  and  588  to  593. 

Tine  6061  Aluminum/Boron  tensile  fatigue  (R  - 0.1)  results 
fell  within  a very  narrow  band  for  all  temperatures,  with  only 
a slight  degradation  in  strength  with  increasing  temperature  of 
the  0°  composite.  A much  wider  spread  in  the  S-N  curves  was 
shown  for  the  fully-reversed  loading  (R  - -1)  and  considerable 
scatter  in  the  compression  fatigue  'R  ■ 1.0)  results  of  the  0° 
composites.  Similar  results  were  evidenced  for  the  90°  6061 
aluminum/boron  composites. 

The  6A1-4V  - Titaaiua/B&rSiC  fatigue  results  show  a 
greater  reduction  in  strength  with  temperature  and  a.  greater 
scatter  in  the  fully  reversed  and  compression  fatigue  data  for 
all  temperatures  and  both  longitudinal  and  transverse  load- 
carrying capacities. 

2.2.6  Creep  And  Stress  Rupture  Results 

Both  metal  matrix  composites  were  also  subjected  to  long 
term  tensile  stress-rupture  and  creep  testing.  Both  0"  and  90* 

composites  v-ere  tested  in  ervep  .it  7Q*F,  160°F,  400°F,  600°F 
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and  800°F.  The  results  are  presented  in  Appendices  IV  and  V in 
tabular  form,  creep  curves  and  stress  versus  time  to  rupture 
curves. 

The  test  results  indicate  considerable  scatter  for  the 
60M  aluminum /ho*  in  ronmosites  and  vpr y little  useful  data  for 
the  6A1-4V  titanium  matrix  composites.  The  6061  aluminum/boron 
stress  versus  time  to  rupture  curves  are  extremely  flat  similar 
to  the  fatigue  S-N  curves.  In  addition  it  should  be  noted  that 
the  transverse  creep  strain  versus  time  curves  for  the  6061 
aluminum/boron  composites  showed  a tendency  to  increase  in 
growth  rate  at  elevated  temperatures  similar  to  the  familiar 
aluminum  base  metal  creep  curve  performance.  (The  room  tempera- 
ture strains  did  not  increase  as  quickly  as  those  at  the  elevated 
temperatures) . The  0°  creep  strain  versus  time  curves  were  quite 
flat  out  to  1000  hours. 

2.2.7  Physical  and  Theimophysical  Properties  of  Metal  Matrix 

Composites 

2.2.7. 1 Thermal  Expansion  Test  Results 

Thermal  expansion  measurements  were  made  for  the  two 
fiber  reinforced  metal  matrix  systems,  6061  Aluminum/Boron  and 
6Al-4V-Titanium/BorSiC . Five  samples  in  each  of  two  fiber 
orientations  (0°  and  90°  with  respect  to  the  expansion  dir^  otion) 
were  tested  in  air  with  the  NETZSCH  automatic  recording  pusarod 
dilatometer  described  previously.  Testing  was  conducted  from 
-320=f  to  700 =F  for  the  6061  Aluminum/Boron  material,  and  from 
-320°F  to  900°F  for  the  6A1-4V  Titanium/BorSiC  material. 

Typical  results  for  the  6061  Aluminura/Boron  and  6A1-4V- 
Titanium/BorSiC  materials  are  presented  in  Figs.  127  to  132, 
where  percent  expansion  is  plotted  against  temperature  for  both 
heating  and  cooling  cycles  above  and  below  ambient  RT.  For  the 
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COEFFICIENT  OF  THERMAL  EXPANSION  FOR 
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Fig.  132  COEFFICIEITC  OF  THERMAL  EXPANSION  FOR  6Al-4V-TITANIUM/BorSiC  COMPOSITES 
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6061  Aluminum/Boron  system  the  overall  expansion  from  -320°F  to 
700°F  was  0.3  percent  or  the  0°  direction  and  0.95  percent  or 
the  90°  direction.  Over  the  temperature  range  -320°F  to  900°F 
the  6A1-4V  Titanium/BorSiC  materials  exhibited  0.39  percent 
and  0.5  percent  expansion  in  the  longitudinal  (0°)  and  trans- 
verse (90°)  directions,  respectively.  For  both  metal  matrix 
systems  tested  good  sample-to-sample  reproducibility  was  ob- 
served, with  no  unstable  expansion  behavior  such  as  was  obtained 
for  the  resin  matrix  materials. 

The  instantaneous  coefficient  of  thermal  expansion  was 
determined  for  both  metal  matrix  systems  or  the  longitudinal 
and  transverse  directions  and  is  presented  as  a sanction  of 
temperature  in  Figs.  131  and  132  and  is  summarized  in  Table  XI. 

In  the  0C  direction  (parallel  to  fibers)  expansion  coef- 
ficients are  low  due  to  fiber  reinforcement  effects.  Expansion 
data  for  the  uniaxial  (0°)  6061  Aluminum/Boron  metal  matrix 
material  are  similar  to  the  resin-matrix  AVC0  5505/Boron  system 
previously  discussed.  However,  the  boron  fibers  more  strongly 
control  the  uniaxial  expansion  behavior  in  the  resin  matrix 
system.  This  can  be  predicted  by  considering  the  relative  fiber 
and  matrix  moduli  in  both  metal  - and  resin  - matrix  systems. 

The  uniaxial  (0°)  expansion  coefficients  of  the  6A1-4V 
7’itanium/BorSiC  material  were  similar  to  those  observed  for  the 

a nr  » a i -i /n  — — a-  — n_  * -»  - 1 r j i — ^ 
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reinforced  which  controlled  the  uniaxial  expansion  behavior. 

The  larger  expansion  coefficients  for  these  metal  matrix 
materials  in  tne  transverse  (9U~j  direction  represent  relatively 
unrestrained  matrix  expansion,  .he  boron  fibers  offering  only 
minimal  rei nforcemen*  . The  transverse  6061  Aluminum/Boron 
material  expansion  coefficients  are  similar  to  those  of  the 
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6061  Aluminum  matrix  (~13  M--tn/ln°F  at  RT)t  and  the  transverse 
expansion  coefficients  of  the  6Al-4V-Titanium/BorSiC  material 
are  similar  to  those  of  titanium  (~4.7  n-in/in°F  at  RT).  In 
both  materials  transverse  expansion  coefficients  were  slightly 
lower  than  for  their  respective  matrix  materials  only,  due  to 
the  contribution  of  the  reinforcing  fibers  in  the  transverse 
direction. 

The  6A1-4V  titanium/BorSiC  material  exhibited  less  thermal 
expansion  anisotropy  than  the  6061  Alumlnum/Boron  materials.  This 
occurred  presumably  because  the  individual  fiber  and  matrix  com- 
ponent expansion  coefficients  were  closer  for  the  6Al-4V-t Itanium/ 
BorSiC  system. 

2.2.7 .2  Thermal  Conductivity  of  - Metal  Matrix  Composites 

Thermal  conductivity  measurements  were  made  on  the  two 
metal  matrix  composites:  6061  Aluminum/Boron  and  6A1-4V -Titanium/ 

BorSiC.  Five  samples  in  each  of  two  fiber  orientations,  longi- 
tudinal (0°)  and  transverse  (90°),  were  tested.  Testing  was 
conducted  to  700 °F  and  900°F  for  the  aluminum  matrix  and  titanium 
matrix  materials,  respectively. 

Thermal  conductivity  results  are  presented  in  Figs.  133 
onH  1 Vi  wb  r«  (t-hp  • lip l f(v?d’!Ot 'K vi tv  1 <i  plotted  ,br  a fiinrtlon 

temperature  for  both  the  longitudinal  and  transverse  orientations. 
The  thermal  conductivity  parallel  to  the  fiber  reinforcement  was 
higher  than  in  the  transverse  (normal  to  fibers)  direction.  The 
straight-line  representations  shown  for  each  material/orientation 
are  the  result  of  linear  least  "quares  data  fits.  Data  scatter 
for  these  metal  matrix  materials  was  roughly  + 4 to  + 12%  (maxi- 
mum variation),  with  some  evidence  of  sample-to-sample  vari- 
ability. 


1 9*> 


IYITY  OF  6A1-4Y-TITAN IUM/ BorSiC  COMPOSITES 


The  thermal  conductivity  of  the  boron  reinforced 
aluminum  material  was  higher  than  for  the  boron  (coated  with 
Silicon  carbide)  reinforced  titanium  matrlal  due  to  the  higher 
matrix  thermal  conductivity.  A lower  degree  of  directional 
anisotropy  was  observed  for  the  6A1-4V  Titanium/BorSiC  materials, 

* Hich  agrees  with  the  thermal  expansion  results  where  lower 
directional  anisotropy  was  also  observed  for  the  6A1-4V  Titanium/ 
BorSiC  material  compared  to  the  6061  Aluminum/Boron  material. 

2. 2. 7. 3 Densities 

The  densities  of  the  metal  matrix  composites  were  also 
determined  using  gravimetric  and  leaching  processes.  These 
determinations  were  made  to  verify  the  fabricator's  stated  fiber 
densities.  The  average  fiber  density,  from  three  plates  of  the 
6061  aluminum/boron  was  49  %.  Similarly  the  average  fiber 
density,  from  three  determinations  of  the  6A1-4V -Titanium/BorSiC 
was  46  7. . 

2.2.8  Fracture  Modes  of  Metal  Matrix  Composites 

The  0°  6Al-4V-Titanium/BorSiC  composites  exhibited  ten- 
sile fracture  surfaces  which  were  rough  but  lay  in  planes  rela- 
tively transverse  to  the  load  direction.  No  steplike  fractures 
were  evident,  as  was  the  case  for  resin  matrix  composites,  for 
the  baseline  data.  Similar  results  were  obtained  for  all  levels 
of  steady-state  thermal  exposure.  However  those  samples  which 
had  been  cyclically  exposed  to  thermal  conditioning  showed  both 
delamination  and  multiple  step  fractures  particularly  in  the 
surface  piles.  The  0°  compression  failures  of  all  6Al -4V-Titan- 
ium  composites  were  impossible  to  analyze  because  of  severe 
crushing,  multiple  fractures,  metal  smearing  and  occasional 
de lamination  particularly  those  tested  at  elevated  temperatures. 
Interlaminar  shear  and  flexural  fail  sre  modes  it  room  temperature 
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appeared  to  be  as  Is  normally  encountered  for  resin  matrix 
composites . 

At  room  temperature  the  90“  tension  fracture  in  6A1-4V- 
Titanium/BorSiC  composites  appeared  similar  for  the  baseline, 
steady-state  thermal  and  cyclic  thermal  conditioning.  Failures 
are  transverse  to  the  load  direction,  generally  lie  in  a plane 
perpendicular  to  the  load  direction.  There  is  often  a shear 
lip  on  one  side  of  the  specimen  if  there  was  sufficient  metal 
from  the  co\  er  plates  remaining  after  grinding  of  the  surfaces. 
Compression  failures  of  the  90°  6A1-4V- titanium/BorSiC  composites 
were  flat  and  lay  in  a plane  always  at  45°  to  the  load  direction. 
At  room  temperature  little  or  no  delammation  was  evident  al- 
though metal  smearing  was  present  and  may  have  hidden  this 
de lamination.  At  elevated  temperatures  (above  400°F)  the 
failures  were  quite  different.  The  fractures  surfaces  were 
generally  out  of  plane  but  more  perpendicular  to  the  load  direc- 
tion and  Included  some  overall  out-of-plane  curvature  to  the 
gage  section  This  latter  phenomenon!  may  indicate  buckling 
of  the  90°  6A1-4V- titanium  BorSiC  composites  at  elevated  temp- 
erature due  to  the  combined  effects  of  modulus  reduction  and 
some  delammation  which  is  partially  evident  looking  at  the 
side  of  the  fractured  samples.  The  prior  cyclic  thermal  con- 
ditioning and  steady  state  thermal  conditioning  did  not  alter 
this  failure  mode. 

The  0°  6061  aluminum/boron  tension  failures  at  room 
temperature  were  closer  to  those  encountered  in  the  correspond- 
ing resin  matrix  tests.,  The  fracture  surfaces  were  very  roughk 

* 7 ' -•*■  1 * - - ■*  . H - .A  ■-  ...  -C-— «- 
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patterns  was  clearly  evident „ Prior  steady  state  and  cyclic 
tUcj  >uai  vt>iiUi.Ci.V/iiiiiK  resulted  in  a higher  percentage  of  failures 
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close  to  the  ends  of  the  gage  section  near  the  tabs.  0° 
compressive  failures  of  the  baseline  6061  aluminum/boron  com- 
posites at  room  temperature  showed  substantial  flow  present  In 
the  gage  section,  but  whether  this  was  encountered  prior  to 
failure  or  just  after  fracture  is  not  known.  Both  steady-state 
and  cyclic  thermal  conditioning  caused  less  flow  to  be  present 
as  judged  from  post  fracture  examinations  of  the  broken  speci- 
mens . 

Both  baseline  and  steady  state  thermal  conditioning  of 
.he  90°  6061  aluminum/boron  composites  resulted  in  fractures 

exhibiting  considerable  plastic  flow  as  judged  by  post-fracture 
examinations  and  some  curvature  to  the  entire  gage  section  of 
the  sample.  However  the  cyclic  thermal  conditioning  resulted 
in  room  temperature  compression  failures  of  the  90°  6061  alumi- 
num/boron composites  which  were  generally  flat,  and  at  a 45° 
angle  to  the  load  direction.  Occasionally  some  samples  showed 
a double  angle  meeting  at  the  center  plane  of  the  coupon.  Ten- 
sile failures  of  the  90°  6061  aluminum/boron  composites  were 
similar  to  the  failures  of  the  6Al-4V-Titanium/BorSiC  composites 
except  that  many  of  the  specimens  exhibited  a short  (about  10 
fiber  diameters)  steps  in  the  failure  surface. 

The  6061  aluminum/boron  composite  fatigue  failures  were 
varied.  Tensile  fatigue  (R  - 0.1)  of  the  0°  coupons  appeared 
to  follow  the  static  fracture  patterns.  The  compression  fatigue 
(K  «=  1 0)  failures,  however,  generally  were  different  from  the 
static  tests  with  a short  (approximately,  1/16  inch)  segment 
of  the  0°  coupon  broken  away  from  the  sample,,  thus  resulting 
in  three  pieces  after  failure.  Compression  fatigue  failure 
surfaces  were  normal  to  the  load  direction.  The  fully  reversed 
6061  aluminum/boron  u°  composites  frequently  fractured  into 


tour  or  more  pieces  with  the  failure  surfaces  more  like  the 

* tensile  fatigue,  i.e.  irregular  with  some  steplike  appearance. 
The  90°  6061  aluxninum/boron  tensile  fatigue  (R  “ 0.1)  failures 
contained  some  fiber  failures  resulting  in  a small  step  of  a 

I few  fiber  diameters  on  each  failure  surface.  The  compressive 

fatigue  failures  of  the  90°  composites  frequently  resulted  In 
several  post  fracture  pieces.  Fully  reversed  failures  were  a 
mixture  of  these  two  modes. 

The  0°  6Al-4V-titanium/BorSiC  composites  tested  in 
tensile  fatigue  showed  irregular  fracture  surfaces  but  a con- 
tinuous non-stepped  fracture  path.  The  0°  compressive  specimens 
® invariably  failed  at  the  ends  of  gage  section  and  considerable 

damage  of  the  fracture  surface  took  place  after  the  initial 
fatigue  failure.  The  0°  fully -reversed  fractures  more  closely 
^ resembled  the  tensile  fatigue  failures.  The  90°  tensile  fatigue 

failures  were  flat,  planar  and  perpendicular  to  the  load  direc- 
tion. The  compression  fatigue  fracture  surfaces  of  the  90° 
6Al-4V-titanium  composites  were  flat,  planar  and  at  45°  to  the 

* load  direction. 
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SECTION  III 


3.0  CONCLUSIONS 

In  conclusion  this  progr.  a has  demonstrated  the  capabili- 
ties of  composites  in  retaining  mechanical  properties  after 
exposure  to  various  humidity  and  thermal  environments.  This 
data  appears  at  a particularly  appropriate  time  in  the  evolution 
of  composite  technology,  when  emphasis  is  being  placed  on  com- 
posite reliability  and  durability.  The  effectiveness  of  com- 
posites in  resisting  environmental  degradation  has  been  demon- 
strated . 

Several  items  of  particular  concern  to  aerospace  desl.  »ers 
and  test  engineers  planning  to  utilize  these  materials  in  pre- 
liminary or  advanced  design  were  established  during  this  program. 

These  items  can  be  summarized  as  follows: 

The  boron/epoxy  system  was  particularly  sensitive  to 
moisture  conditioning  and  moisture  coupled  with  high/low  temp-  * 

erature  shocks.  The  boron/epoxy  strengths  were  affected  to  e 
greater  degree  than  were  the  moduli.  Overall  the  results  showed 
that,  the  properties  of  the  composite  which  depend  largely  on  the  5 

resin  constituent  properties  were  affected  the  greatest.  These 
included  interlaminar  shear  strength,  transverse  strength  and 
modulus  and  compressive  strengths  (the  latter  would  appear  to 
be  a result  of  resin  softening  by  plasticization  which  increases 
the  tendency  toward  microbuckling) . A somewhat  similar  proper- 
ties loss  in  the  transverse  compressive  strength  was  also 
observed  for  humidity  coupled  with  ultraviolet  radiation 
(accelerated  weathering).  Long  term  (high  cyclic  level)  fatigue 
performance  also  was  affected  deleterious ly  by  humidity  coupled 
with  thermal  shocks. 


The  high-strength  graphite /epoxy  system  were  affected 
substantially  by  moisture  and  raoisture/thermal  shock  condi- 
tioning. Again  interlaminar  shear  strength,  transverse  strength 
and  modulus  and  compressive  strengths  all  properties  sensitive 
to  changes  in  the  resin  constituent  properties,  were  affected 
the  greatest. 

The  high-modulus  graphite /epoxy  exhibited  leas  deleter- 
ious response  to  moisture  than  did  the  boron/epoxy  or  high 
strength  graphite /epoxy  systems.  In  fact,  the  presence  of 
residual  fabrication  stresses  in  the  high-modulus  graphite/ 
epoxy  system  led  to  some  enhancement  of  the  strengths  from 
prior  humidity  conditioning.  However  the  combined  humidity/ 
thermal  conditioning  radically  affected  the  high-modulus  graphite/ 
epoxy  transverse  strength  (losses  up  to  757.)  and  fatigue  behaviors. 

The  metal  matrix  composites  exhibited  very  Improved 
transverse  and  compressive  strength  properties  over  the  resin 
matrix  composites.  Losses  in  fatigue  strength  due  to  prior 
thermal  conditioning  were  primarily  confined  to  the  transverse 
direction  and  ware  worse  for  cyclic  (thermal)  rather  than  steady- 
state  conditioning 

Upon  the  introduction  of  these  composite  materials  into 
an  aerospace  component  design,  the  test  engineer  could  obtain 
a rapid  reading  on  the  feasibility  of  their  utilization  by  an 
examination  of  the  above  properties. 


Certain  portions  of  this  program  have  led  to  other  new 
questions  such  as  the  importance  and  characterization  of  resi- 
dual fabrication  stresses  parti-ularly  in  the  graphite/epoxy 
systems . 

The  role  of  moisture  in  degrading  (or  enhancing)  the 
mechanical  properties  of  resin  matrix  composites  is  not  entirely 
understood.  The  complimentary  roles  of  simultaneous  heat-cold 
cycles  and  ultraviolet  are  also  vague.  Although  the  data  appear 
consistent,  the  frequently  confusing  nature  of  the  qualitative 
and  quantitative  response  implies  that,  to  fully  exploit  these 
composites,  further  study  of  the  fundamental  nature  (if  these 
causative  factors  would  be  in  order. 
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Fig.  521  TWSELE  CREEP  STRAIN  VERSUS  TIME  CURVES  FOR  [0/45/135/0/96],  HERCULES  3002M 
IDS  GRAPHITE  LAMINATES  TESTED  AT  3 SOT  AFTER  1000  CYCLES  EXPOSURE  TO  350 T 


Description 


TABLE  Of  COWTEWTS 
APPENDIX  IV 


1 

2 

3 


4 

5 


6 

7 


Table  XXI  - Static  Properties  Summary  - 
6061  Aluminum  Boron  Composites 

423-428 

Figs.  529  to  550  Static  Stress  Strain 
Curves 

429-434 

Table  XXII  - Fatigue  Properties  Summary  - 
6061  Aluminum  Matrix/Boron  (5.6  mil) 
Composites 

435-439 

Figs.  551  to  556  Fatigue  S- N Curves 

440-441 

Table  XXIII  - Creep  and  Stress  Rupture 
Properties  Summary  -6061  Aluminum/ Bor on 
Composites 

442-443 

gs . 557  to  55ft  Stress  Versus  Time  to 

Rupture  Curves 

444 

Figs.  559  to  566  Creep  Strain  Versus  Time 
Curves 

444-446 

422 


Aivwiis  saimiJviki  ^uvi4.  ix> 


3 

5 


4 

n 


a * 

.•8 


3 

14 


h 

I- 


S88SS89tSS8SSStS88 

« » W • ^ 

s!!Sw-S8*  jaa^4"«i*8 

5 ; 8 ! a S 2 a 2 *828  8 8 8 8 

do  od  odd  dddodddd 

o o • r^  9k  ««  n v>r^  c«m»MO0 

O|^n«r0n4<|>F4^f(^ii«r>N  « i t • 


*•  5 
o «* 

«#<  u 
>•  • 


? 

3 


& 

£ 


I 

a 


S 

! 


8 


423 


TABLE  XX I STATIC  PROPERTIES  SIAWARV  - 

6061  ALUMNI*  60*06  rOHPCEITES 


TABLE  XXT  STATIC  PROPERTIES  Si*t4ARY  - 

6061  ALUMINIUM  BORON  COMpn-^fK 


1 i 


i ii 
i as 

i ii 

111 


list 


Soil  I 811  I 1 18888  !§§§!  18881 

&*£  a *ss  - s ass*-  stc-as 

N 

I 

^ ^ 0«0ir  O ppo^^  .n  .n  *r>  Q OOtAQp  09000 

■ 3 w -j  «j  fi  *n  5 * «n  n m *-#*<*  S ■*«•**£  * * n O 

1 1 | 5 +i*i*i+i+i 

^ ^ ^ » rr  * * 

— — , ZJa  in  *n  in  i/>  >n  m in  «a  in 

* — I £ 3 ...  ...  . * * • • + 

u.1-.  r _ 3 m-.«op«n  n.  n *".  r>  *»  cr  4 ^ O r*  # n»  #■*  4 4 n « » 

- ■£  £ 2 V N N 41  O ^ r-fs,^xii  £ O ^ • » ® * • n»  4 4 « 


4I  ^ u.  u u.  u.  k.  u.  u.  u.  u.  u.  ik  u,  ^kk. 

& zzm  nin  hiss  issis  esiei 


COOOO  OOOOO  OOOOO  OOOOO 


uCC  w O © O © OOOOO 


‘ - p -n  r»>  ^ n n .,*  t-**  .n  ki  m w n n m <f  li  in  v# 

-5  3cli : 4 3 433  33343  34333  34333 

21  w -DOCOO  OOOOO  OOOOO  OOOOO  OOOOO 

I - 

fi  ■*  i 

V*  7^*  | 4)  <r  £ £ <£  j w ■£>  £ 4.  ■£  *4'  <£>  <J3  ^ ^ 4 4 4>  C 4>  ’ 4> 


* 

1 £1  A. 


8 0 ^N«4i« 

• ' « O'  Q N m •■»  w 4j  1 ^ » O OOOOO 

• •no  ->  o ^ o« 

1 1 • • 1 iti*i  ititi  >*iii  h N m 4 i/i 


* Xj  a.  ft.  a.  o-  a-  il  n a.  k 

V|  A O1  9*  O'1  ^ &'&>&'&< 

• 9 r*  n n n m n n (1  r* 

a.  M ^ (r  (7>  t>  n 4 » ^ » 

M ^4  ^4  <— « ■-*  *4  r-  »4  »4 


a.  cl  a.  k a.  ft.  ft.  ft.  h.  A ft.  iii  11 

9>  c & <*  &>  & tr  «««•« 


Pro  Ti.il>  Oltlaat*  Itnw 


'XII  KM1GIT  ftOKRTItS  SI-'N  .kV 

.jai  AUim:nt  nathix  ■ s 


2 


22  33 


iSlil 

rl32l 


V* 

M +*  MM 


M — M M 

a"  aa  • • * 


i H m 

>«*  •*  ¥ 


8j|  §31  § §§§§§  §§§§  3181 

$2$  "3C  * s~s‘fl-  ' -v'  ’ ' ' -•*  g 


^ o O w*  >a  o o o ia  i/>  mmoor*  ^ O O O m SOinon 

«i  N Hff-f*  « o * K r-*  CA  --  »«5f>#  -*  -*?»  #5  fH  « * * 4 <* 

* ^ •— • -rt  r— 4 r-rt  *4  »*rt  art  art  irt  art  art  art  art 

b ^ ♦!♦!♦! ♦!  + ! +I4I+I+I+I  + I + I+I  + I4I  i i a t i t • i • i 

4 

2 i2  «•<.  * « * * « « 

J j * rf-i  * *A  * in  »A  * un  * * .A  + «n  *■»  iA  tfS  (A  tfi 

- e ssisis  sskss  Rasa*  aasas 


4J  . u.  fc.  U.  U*  U.  U.  U.  U.  (a.  U,  li,  k.  li.  I*f  |b  fei  Jfc  Jk 

•ft  sskil  §§iii  issss  geese  isiii 


• art  •— I art  •— < art  art  --4  art  O o O 


23  23333 


Of  ono  OOOOO  O O O O O O O O C 


't  *©  « in  A * j)  « »rt  ^ ^ i^i  ic<  /I  4 iA  «9>rH*at  •>  n fi  n ■ 

; £ 12333  22323  I3S22  33322  22822 

jj  w ooooo  ooooo  o o’  o o o ooeoe  o q o o o 

u • 

•4  I 
£ ^ 

fr"  7^  sd  « <£  -L>  rtD  sO  <0  »0  <0  M>  rt)  <0  <A  4<904«f  4 4 tO  A 


Jj  “ O N M 4 O « N R?  9>  O ai  M n 4 lA  4 ^ • ff>  Q 

5 X '*>  r-  JO  i'  -■  <•-*—»  -~*  -■*  • r-4  -'  ^ ~l  r I M MN  M N f i fa  M fl 

«i*ii  iiiti  III**  « i * i • * « i i i 

VI  « ® ad  e e to  >o  e 4 a a «o  «)«■«§  «o 

f M ri  N M N N f(  IN  N N IV  NMMN  N MMNNn  K*  ra  M M n 

»■  O'  O'  O'  O'  O CT  O>  O'  O O O'  01  O'  O'  O'  0>  O'  O'  O'  O'  O0'Sai9i 

in  -rt  art  r-4  *-•  r~*  art  ,-rt  art  art  .— I f— « art  -rt  art  art  r-4  r-4  p4  rl  r4  art  art  art  art  art 


3: 

i 


F 


* 


^ * 


gi- 

i/5  : 

i 

fc 


«/}  X v 

r 

EH 


i- 

•i  <• 


iir 


1 

» 


mi 

Hi! 


: si 

- 3 *4  U 

i.-n 


t £ 


I 

£ 


U 


illil  iiiil  liiii  lists  Siill 


<4>  ■— 

w*> 

->•  4%  »n  * -4 
#4  4 M 

•*  O ^ « 4 
n*>*  A 

r4  r- 

“-S-5 

35*88 

44  -4  0 

44 

O o o ^ 

9 #■*  ^ -<  r-. 

| -(r-4  H -< 

t • • « 

5SS8S 

1 t —•  1 1 
• 

(N4  ««0 
,4  *4  ^ H P4 

4Hn«H 
»4  f*4  ^4  r4  ^ 

04*M« 

r4  *4H  H 

*•*  ws 

Sft  -4  .Tl 

c*«  ^ r-  C*!  m 

**% 

o n w*>  •-*  «o 
ftn  4<»ms 

4“>  •«  «#4 

«4  9*  • <£>  <N 
wi  m 4>  **•  -4 

«r»  «r> 

•*3353 

■n  »n  <n 

r4f  4««n 
•«  Ai>k4^ 

14.  ■*.  u,  u.  u. 

_ u.  u.  u,  u. 

U.  U u.  U,  h. 

fe.feU.lfch. 

kgggg 

•I  4 44  4 

8SSgS 

«>C  4 4 4 

o p a a p 

i*EC5E 

§3333 

iiiil 

l 

o O ■■  “ z> 

o a c.  c-  o 

o o a o o 

^ ^ --«  -4 

o o o a>  o 

o o o a o 

-Z  ■ - c.  '. 

z»  - C C C> 

ss:  - • 

O CO  c p 
3'  > 9*  ^ 4U 

88888 

* J 

• ' I -T 

a 3.  .'-.  . « 

4 ^ » * 4 

O C zi  ^ o 

r-»  •-'  -c  -J 

I t t -j  j 

-J  O C C O 

«■.  f 4 « » 

33333 

«i  r»  »nn 

33333 

O 1 ■ o 

v£t  C . 3 

c , (_•  O C.  O 

4>  <£  4 ^ 

l-  o c cz  o 

4 Z O £ Z 

c o c.  o o 

4 4j  4 4 4 

o o o o o 

««  <o«« 

• — 1 r I r>  -.? 
■»  «->  m **i 

4 h « » Z 
rtrt-t 

£>  f~  » » C 
r-  r~-  f-  •© 

h n W 4 ift 

« b « 4 n 

35338 

U'  n u ntf. 

«j  K>  * CD  >X, 
nr.  rlilw 
a a-  r a o- 

0)  *n  oa  n i, 

««««.« 

NNisnr) 
cr  ct'  W'  & & 

v — . r4  r-H  . 4 

ggggg 

mm-  rn  '•*» 

» ff  J i «r  o 

SSSgg 

mnnnr 

9<  9«  (T>  •*  91 

—*  —•  f-»  -4 

mik 

H H H —4  H 

43  ’ 


» - r i i<npr: 

6 CM.  i A!.LTMLNUV  VL 


its  1 


III  I ( « I I 


1 1 -o  *4  • 

3 h V 
< w S 1 0* 

I -4  & U 

10  a.  v T*  ►s 


_ o o c.  o 

* • 99CO 

U 4t  C.  -J,  % 


!§g  8£§§8  808; 

>00  ooooo  o o o < 


sf  j ii  p .1  n h rj  tONin^N  “^0^41 

■h  in  4 >o  O cn  r^  co  O r>-  «o  i/>  ^ 1 


• 1 ( y n F'  ii  o 41  00  O'  r>  o N ID  I'  Ui  t*3  o O'  0>  f*-  O O'  00  r-  vD 

4I4UUHI  7m+HHI  414141114)  +I4l4l4l4l 

* 4 * 4 *****  *****  ***** 

U>  »/■>  »A  (A  irt  to 

■ « /j  t «0  O in  in  -o  ® o * * h o n h O'  O op  o fld  o <* 

» 1 -*n  r 1 4 , 1 o n o o 4 n m n vt  ^ O o n 


: IP  ggggi  fc£get  888*38  §8888  88888 

C © 4,  4>  K&KOtk  'OvO'£vO<« 


lit*  < 1 • t • !*■**  1 1 1 1 1 


P I OOO^O  c>  c O i o coc  > r.  >0000  ooooo 

* I O'  O'  CT  T O tr.(T»n*>CT'  O'  O'  2 •'  O'  O'  <T  O'  O'  5>  O'  ff.U'  o. 


j 7 j'  '.»•  m .-0  n r*-,  ro  n in  n nn  «t  in  m cn  m cn  o n w n cm 


r 2 - 


it  41  it  it  i.  I 41  T 43  D -fc  'A.-  \C  i - f \4'  1 \£)  i)  4 41  4)  ID 


-1  m m 4 ir» 

CO  CT  O . OT>  07s 

ggggi 


00  QD  flb  cO  co 

(S  rl  CN  (N  tN 

IT'  ip  O'  (7  <T> 


U O u C C-  Q Q rj  Q ul 

QD  GO  QC  QD  QO  QD  QO  CD  QD  CD 

CN  fi  CN  N (N  IN  IN  CN  IN  N 

O'  O'  O'  O'  O Ofi  <T ' O'  <T  O' 

Hr4  JriH  ^ | 


f f-  »<* 

'>  ■ as 


\f  „ 


. * * 


i y ,* ,- 

sf 


r 

.r 


( 


■ W W 

u u 


y u y M 

; -»  > £ W jj 


<-.  ^ • ■♦  ►, 

. • u 

-.  ^ U.  w 


— o u 

<J  4#  -^1  •>> 
> 4 C 


k : 

fc  5 

i 3 


• »*!*•«  I | I I O I I I I | 


%*c 

H H 

H * 

>f>  «r» 

SS 


t • i i r- 


, & 


l « i i • 


ilii,  .ill.  11.11 


C-  ® m O ff>  h O « in  IO  » in  o O O fl  0« 

n « M - ^ fl  N n fS  N M 4 N H N *4 

•I**1  *♦*!*  'till  lllll 


ifu/'  i/\  ifl  m it 

C N t o "1  « N # 4 IS  N » M 4rt  • 4 M v« 

N t ^ 41  4)  41  in  m »r  N 4 4)  ^ 4 N 


|i.  U.  u>  I*.  IS. 
• O e w a 

QOCQp  ooooo 

fefettfc  £££SS 


8£Seg  88888 

^ -9  <C  * « « « 


rJ  O — C 3 000*00  OOOOO  ooooo 


' ^ „ 


^ r-  ’ a - * 


i 

, ib*L 


i%\ 


* -i c! : a SaaaS  siissa 

■ o c#  crooc-o  c-T'ooo  o -i  <r  o o 

0.^1  4.  w >4.  4?  •*.■  £ S'  £ 4 r i)  S 441 

O I'  « * -*'■*'  1 • l.  I - OQ  <r  O 

4 C S'  4.  S 4}  « - 4 ' ( - * ' ' ' r->  • 

UJ  U U.  1--  L-  u.  I*.  U.  O '3  v < ' ■ Q O X x X 

® at  jc  X *;  ocj  « «d  * » » * u 3*4.  r-  a C « ■> 

N N f<  l\  N C)  ri  ' i *-  • *- 1 . r j i N r*  f ( 

> 4 4 (J  O'  O'  t O ^ 4 H * : J O J 7 4 4'  «T 

439 


Pron  en^reiilvc  ultiMt*  itmi 


r 

* 


• p U m 

% -r4  5 d k 

: x:  rA  3 

H O.  *i  O 

i~»  u.  -4  « X 

< J U.  •s-' 


n o -4  j 
••*  — o 

H • =r 


? f 

W «4 

1 1 

! ? 

U 9 

^ T» 

I I 


If 

31 

II 

1! 


Q Q — * N CO 

88S88 


8 8 

<1  I I C I O I I I • O 


% ! 
i e f 

ihi 

< ^2  : 

r5TC 

£7*4 


K N O N W 


s*  *.  J _>  ,T  r»>  ^ r~-  o sn  r-  X od  'vj  uC  w x ' 

# ,s  « O •*  a ’in  p»  w h TO  &*  &*  O'  t 

fS  I "•  M 'I  PI  PI  N N N _4  , 


~ 3 O -n 

k t.  I *-•.**  •%  * O f- 


***  # O ^ JO 


"1  -1  w>  « O N n ■#  l 
V0'0'*»  ^ O O'  !►  < 


•IP 


Iw 


I- 


U.U,  U.  U.  U.  U.  U.  Ml  It.  k U.  h 


. -J  3 f.  . 

*-•►*  '•  P-  — 

nt  U x * 6t 


STS SS  88888  88888 

^ ^ 4 *o  *>  3 <•  3 


O <7*  O'  O'  O 1*0  | 


.T  ® > <H 


C C .i 


^**  Vi  ' d^A£ 

O O'-  .3  C’OOOO 


X 4 t<  r O 1 O C 4>  <4)  x 


■J  , O O -•>  ,~1  o c c-  ^ 


t i c,  — r I 


II 


<y  O’  r.  <*■  — 


O O c.  _ o 

ik  #K  r*  -i  i" 
J t r j j 


aOOOO  O r - 6 C£  O Q O O Q Q 
o o-  O'  o •»  a j 


443 


Rfcproducjd  from 
b«'t  «vai!»bi«  copy. 


APPENDIX  V 


DATA  SUMMARY  FOR  6A1-4V-TITANIUM/BORSIC  COMPOSITES 


MT  P t SE  ARC  H (NSTITUTE 

447 


TABLE  OF  CONTENTS 
APPENDIX  V 


Description 

Peges_ 

Table  XXIV  - Static  Properties  Summary 
6A1 >4V -Titanium/Bor Si C Components 

44 9 >454 

Figs.  567  to  587  Static  Stress  Strain 
Curves 

455-460 

Table  XXV  - Fatigue  Properties  Summary 
6A1-4V  Titanium  Matrix/BorSiC  (5.7  mil) 
Composites 

461-465 

Figs.  588  to  593  Fatigue  SN  Curves 

466-467 

Table  XXVI  Creep  and  Stress  Rupture 
Properties  Summary  - 6Al-4V-Titanium 
BorSiC  Composites 

468-469 

Fig.  594  Creep  Strain  Versus  Time  Curves 

470 

ec 


a 

w ^ 

a 


8R8S2SS28S22S8SS 


3 Jtf 

O w 


#-.  o 


Sto  <n 

«d 


q —*  a*  q> 

•>««»’'  O 

^ in  n 


(N  N N 


O 

-4 

o 


rs 

o 


d 


is 

o 

12? 

r? 


oc  r*»  r4 


CO 


<N  OH  (“'J  <N  O 


>C  N N 00 

O'  o>  oo  r*» 

<N  N N N 


< — 

K*  < 

•/:  ><o 


4i  • 

« >— 

U 


o o 
o o 

-T  vO 


o 

o 

>£> 


o 


8 8 c 8 

'C  00  ■ t 


I b i 


BO 

< 

f— 


00 

c 


M - 
»«  * 


iisiiiKiilEililBlI 

XZZXZZT'ZZZZijtKtijfj 


Jl 

f. 


8 8 


8 | 

n H 

2 ? 


1 1 r y t f 1 1 2 i i 

o o o tj  o u u O u-  u.  u. 


449 


BK 


ri«*  if«i 


.U  <PUS  fTr-S 


='.  $ * * § I a a s 8 1 2 a i s 1 1 ? ? a a 

*•  « 4 n n ^ < n irt  » « n n o » jf  » 

i W 


o o «*  m 


si  S s * 2 t $ 


«N(»o>|»p4QO^^M4 


r»j  »*  m ■ 4 O'  n w 9 9>  O fi  O N 

N N (N  | H N N I H N N I CM  N N t N N N N 

COO  ooo  o Q o ooo  o o o o 


i *; 


4>  *4  vO  f*  in 


:f  S I 2 § S I I § 8 I § S c I I I s § § § 

r 

I I £ I I I I £ £ I £ I I £ I S S i 5 S 

| §§§§8888g888§II§8888 

, V arf  prf  p4  pH  rt  H mC  ^ In  In  In  In  p4  pH  pH  *-4  *H  pH  »»4  ^ 

r ® s.  v,  ^ ^ -s.  -v.  — 'x-vv'vv.vx.vv'^v.^ 

2 TT  u.u.u.ibk-hKk'liib.klhUihibih.lMli.lMh 

£|  81118883811818818118 

_ ssit 

■J 

•3  % i t % K c 5 5 & fi  S S is  8 6 8 2 S 8 l 

I H H i n i ! i i u n U j } I 


T*na lor  800V/500  Hri  800  36  0 - 139  4,140 


rOMK.S  i IKS 


j Reproduced  from 
b*it  available  copy. 


docnprei  lion  BOOT/ 500  Cy.  800 


iabj.p  xxiv  fr.-.ric  prctl'k  : 1 1 - 


| itt 


TA»[>  XXY  tATICl'L  PHUPLKT11.S  SI  MMAKV 
LA1-<.V  TJTANll'M/Bi.rSLC 

\"i . mil*  compos  m:s  - 

BASEL [K>  DATA 


^ * <5  • * 


Ilf  ii 


§ §§  §§§ 


e s i n i *.«: 

2 sin 


— ^ C C.  - « * % it  v * w »n  .«■%  «n  r.  C o 

-®  O J-  ' - -c  1-k.^.k.u  > ^ o ^ O n 

• i * * i » , T 7 7 7 7777 


iiii2  -Sifce  ipfcee  8 8 g g 

■*  < * * * * a x • * SSStS 


• — c O o ^ a 


-f  -r  -?  n n r*»  .r  in  so 
m i.a  /I  in  io  - f ■>/  -* 

o o O C O O O O O O 


'C  sj  Ifl  1/1 

3 3 33 


o u n a o 


rJ  N N pi 
5T  tr.  v*.  =-.  ^ 
l/H/1  7)  W 1/1 


«^«uu 

i/i  in  i/>  i/a 
I « i I I 
in  ld  ao  io 
n n m n n 

\r  y.  y %-  y 

V.  (/>  (/>  </)  to 


m o m *n 

5 51  ^ g 

in  in  fo  i/i 


I 


— £ 
3S- 
3 £ 1 

m u 


■B  W ♦ • 

n 3 a $.2 

— -*  jC  **  w 

U H kl  «<  K 
►s  CL  -<  « U 

u « S u. 


41  S'-* 

H OH  U 

U L H 

>.  4 u 

O l*.  — 


I (2 

H *-  » 


a - 


4 I t I I I I t t 


8 8 8 

o o e» 


!88i 

> O O < 


' X)  -T  >C  ••'1 


e & ? 


4 tt  <J  %t  4 

k,  L.  ki  U ^ 


4 4 4 V 4 
H H H H f- 


;*s 


k.  X It.  U U.  L U.  U ti.  k, 

58888 

6 L1  -C  -O  P 


ocowo  c.  o c n p 

OOOOO 

» ® 4 x oectxaeu: 


k tfc  U-  U,  W 

'.0*00 

88888 

<t  <f  <r  •»  <r 


U.  k k k U. 

• • • * • 

88888 

® ® <0  4>  vfi 


o o o o o 


/ o o o o 


ooooo 


ocooo  ooooo 


*r  o j t 2> 


utyr-aow 

u"»  „t  4 «-T  -* 

<—  <-  <w*  '-»>  W 


O CD  C.  O O 


sC  'O  o x 


f'-  !■*■  r-  p"  r- 

04  (M  04  M CM 
V.  Z 2 Z Z 
V)  W V5  '/)  W 


O O O O i 


O 4 4 3 J 


r-.  o>  r~*  »-*■  r- 

04  CN  r»  04  <N 

7,  7.  pr,  7 7 

t/l  t/i  l/i  i/l  t/) 


- t <r  xj 

<r  »t  -t  -4  <*• 

U G k O U 

ooooo 


f'-  rv  » N 
-T  t -t  -T  -t 

o o o o o 


X>  £>  vD  ^ 


•£)  vD  ‘-D  \£i  'X> 


i ri  n »t  io 


OOOOO 


vJ3  X)  '-O  vO  --D 


M>  r>  a?  ct'  - 


r3?Jr3rjjc^  ?S  r ■ ^ 


X>  XI  v 
<N  e*4  < 
'7.  v:  ; 
if)  7.  ( 


r~-  r-.  h" 

N N OJ  N M 

S3  22  ic  23 

tfl  w W W CO 


r-»  r^-  r"-  r>» 

N Cl  tj  N N 

7,  7.  fe  22  ic 

mwmvivi 


63 


If  a 

•DC* 
tH  41  M 
m U *- 
it  *J 
oi  Vi 


-a  u 4i  <n 

• l 3 ^ H 

I - -n  O J r-i 

IH  H ^ H O 

U Q.  U -H  >-, 

>v  CL  ■ U 

u < fc  to.  ^ 


41  33 

<-»  0 *-l  o 
o W -H  X 

>,  « o 

U tat  w 


> JC 
O 
nJ 


“ k-  < 


*-*  -L^ 

2 SI- 

Hi-*—' 


OOO 

ooo 

OOO 


SO  in  < 
C'J  — i ( 


o o o o 

O O O O 
N^aifl 


ll 


o ^ o o 


u u u u u 

1 1 g 8 8 

« w kt  V £ 

5 l 

« m m • a 

U U u u u 


u ^ 

« <V  « 

5 J 1 


DC  DC  OC  02  3C 


U-  U«  u.  U,  U, 

o o ■ v o 

O C,  O O Q 

o O o O 5 

•C  -C  C -fi  d 


8888  S 

ao  oo  co  oo  oo 


O O O o o 


OOOOO  O O o © o 


o o o o o 


OOOOO 


m m m ^ r- 

^ m ui  /itii 

OOOOO 

OOOOO 


N - --I  n n 
in  i/i  in  m m 
OOOOO 

ooo  o o 


N cn  n N N 
m in  n in  in 
ooooo 

OOOOO 


£ <C  \U  \Q  vD 


tC  J i£ 


£ £ £ £ £ 


^ ^ fcfi 


* * 


cl  cl  n - J «n 


f*-  f--  f-. 


in  t/i  i/Mfl  w 


it  N H)  C-' 


r-n-r-.r-r- 

S1  fvj  CM  cm  ri 
: Z 5c  7.  r 
rn  ’Ji  v.  t o • 


N m ^ in 


r-  1-"  r-  r-~  r- 

eN  N N N 
Z Z Z Z 
i/i  i/i  in  i/i 


<c  i-  on  ^ o 


r-  r--  r--  r-  r- 

sssss 

to  if)  V)  m lo 


465 


L 


J 


■'**  ‘j;  -'— r^ir 


TAB'.h  CREEP  A.'&J  STRESS  RAPTURE  PKU.  5 K i its  ^V.‘ 

6A1 -4V  TITANIUM  Bo-Sif  *S.7  i'  . 
o>mpos:tf,s 


3 I H 3!  tli  JSII 

* .53  i -a  H-a -s  -stj-si 

u a * - 55JS25  x *xx  axsx 

I I if  fill!  ? ill  ?!?! 


* 0 
M U U 

O « XI 

£ 3 


&&««,! 
■O  T)  ^ • 


liiii  i Hi  iiif 


•p  *-»  *» 

s s 1 s c 
s-ilpg 


i aw 
i e o *-*  a 

o 

! f-  « x 


r->  ir.no  <fr  m r">  O sO  G X)  O'  f“« 

r“lv4  ...  • 

at  * r-  ^ n CMTi  h n ® ao 

;>  ^ m s»  *n  <mcni»-3<n 

L -s—*  »— < «-*3  ^ *— 3 r"3  r—i  »—3 


a m 4 ao 


• U.  bu  U,  U,  U.  [14  h<  U<  Ui  U.  U.  (a.  la^  Ik  U. 

*_j  Q.  o o m m r m m o • o «•■■• 

* Ik.  O p O C>  G QOOOp  QOCOO  OOQQO 

tl  C • H F H H OOOOO  OOOOO  OOQQO 

H h*  w KKtfktt  <r  sit  Nt  <t  xt  so  so  so  \t>  03  cd  (O  a w a 


OOOOO  OOOOO 


. 00  — 

■ C i ^ ir-  ^ 

a m ooo 


<1*  S'  W t S'  N 


OOOOO  OOOOO 


r*>  U3  *£>  VO  '4l  vO  ID  ID  lO  tf) 


■X  '£>  ViJ  X sO 

pcpps 

tn  w in  i/i  « 


^ VO  vj  a U)  v£J  s£)  X X v£> 

pppsp  ppsss 


i 

. 

j 


TIME  1 HOURS) 

Fig. 594  TENSILE  CREEP  STRAIN  VERSUS  TIME  CURVES  FOR  0°  bAl -4V-TITANIUM  BORSIC 
COMPOSITES  TESTED  AT  ROOM  TEMPERATURE 


